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synopsis 


In experimental and theoretical investigation 
has been made for the flow of Refrigerant-12 through 
capillary tubes of straight, helical and Archimedian - 
spiral configurations. lest specimens of different sizes 
have been studied under saturated and subcooled refrigerant 
inlet conditions . The experimental data are presented in 
the form of graphs and charts which can be used for the 
design of expansion devices for various applications vithin 
the limits of the present investigation. 

Comparison of the performance of the different 
capillary configurations in a system establishes the 
superiority of the spiral shape over the helical and the 
straight, not only from the operational view point, but 
from the economic view point too. 

A theoretical expression has been developed for eacft 
configuration for the two -phase flow of R-12 within the 
tempera tti.re range -35 °C to 50 °C, to determine the capi- 
llary length for a given pressure drop. Two-phase flow 
friction factor correlation has also been derived for each 
capillary configuration using the present experimental 
data. The theoretical and experimental results are com- 
pared and the agreement is found satis factor;?-. The 
proposed theoretical expression i s , therefore, considered 



CHAPTER I 


INTRODUCTION 

1*1 Capillary Tube as a 
Plow Control De-vice 

Control of refrigerant flow is an essential 
feature of all refrigeration systems . All the mechanical 
re frige rating units have a pressure reducing arrangement 
or a throttling device which meters the flow of refrige- 
rant to the low pressure side in accordance with the 
demands placed on the system. This constitutes one of the 
four basic components of a refrigeration sjrstem, viz. the 
compressor, the condenser, the expansion valve or the 
throttling device and the evaporator. The thermostatic 
expansion valve has proved to be a successful throttling 
device (excluding the case of flooded evaporators), but 
it is quite costly and complicated. However, with the 
advent of he me tic- type compressor: and the halocarbon 
refrigerants, the capillary tube flow control became 
practicable and popular. This has been used commonly with 
small units like house hold refrigerators, food freezers, 
water coolers, dehumidifiers and room air conditioners. 
More recently, it has also been used with large units, 
upto 10 tons capacity (17)* 



The capillary tube Is placed between the condenser 
and the evaporator. The restriction through this tube is 
sufficient to hold back high pressure in the condenser 
and, at the same time, it allows liquid to bleed through 
to the evaporator. The passage of liquid refrigerant 
through the capillary tube is much more easy, than the 
refrigerant vapour, due to its higher den sity. In fact, a cubi 
centimeter of liquid refrigerant weighs 20 to *f0 times as 
compared to that of a cubic centimeter of its vapour 
depending upon the pressure (21). 

The most efficient operation of the capillary 
tube occurs only at one particular combination of condenser 
and evaporator pressures. In a properly sized capillary 
tube, subcooled liquid enters the tube giving a liquid 
seal at the entrance . This liquid is forced through the 
tube due to condenser pressure. There is a pressure drop 
along the length of the tube. When the pressure drops to 
a point where the refrigerant becomes saturated, flash gas 
forms. The formation of flash gas increases as the liquid 
moves further. This nrnflnzce of refrigerant liquid and 
vapour is delivered to the evaporator at a pressure slightly 
above that of the evaporator (6). The part of the capillary 
tube containing only the liquid refrigerant is called the 
liquid length . The point at which the first bubble of 
flash gas forms is called the bubble -point. The remaining 



part of the tube which contains both liquid and vapour is 
called the two-phase length . All the two-phase flow 
patterns occur in this portion of the capillary tube ( 15) • 

If the condenser pressure increases, or the 
evaporator pressure decreases , the flow in the capillary is 
increased and there occurs a little or no subcooling at all. 
As a result, the bubble point moves closer to the entrance 
of the tube, which increases the overall restriction and 
decreases the flow. Such self- regulating characteristics 
enable the capillary tube to work so well under a variety 
of operating conditions. 

The most outstanding advantages of a capillary 
tube are the following (3): 

(i) it is inexpensive and simple in construction, 

(ii) it has no moving parts, and 

(iii) it allows the high side pressure to unload or 
balance out the low side pressure during the 
off -cycle, when used in a system having a herme- 
tically sealed compressor. This permits the 
compressor to start in an unloaded condition, 
allowing the use of a low starting torque motor. 

The need for a separate unloading device on the 
compressor which is complicated, costly, and 
troublesome is, thus, eliminated. It is evident, 
therefore, that the use of a capillary tube 


If 

results in a considerable saving in the manufac- 
turing cost of a refrigerating system. 

The successful operation of a well -designed 
capillary system is dependent upon: 

(i) keeping the system fully charged with refrigerant 
over its \rorking life, 

(ii) maintenance of high standards of internal clean- 
liness and dehydration, 

(iii) the efficacy of the compressor to mix the oil at a 
uniform rate with the refrigerant. 

In a hermetically sealed compressor with a capi- 
llary tube, all the above conditions are fulf ill ed. The 
same, however, is not true with an open-type compressor, 
which may lose sufficient refrigerant by leakage past the 
shaft seals, thereby, requiring occasional field servicing. 

The follo\d.ng factors influence the flow of 
refrigerant through a capillary tube : 

1 . Capillary factors : 

(i) diameter 

(ii) length 

(iii) entrance restrictions 

(iv) internal finish, roughness etc. 





2. System Factors: 

(i) velocity at the capillary entrance 

(ii) pressure difference across the capillary 

(iii) condition of refrigerant entering the capillary 
(subcooled or saturated) 

(iv) heat flow along the capillary (from outside or 
from heat exchanger) 

(v) refrigerant properties (density and viscosity) 

(vi) lubricant properties (oil circulation rate, 
oil viscosity, and miscibility of oil with 
refrigerant) . 

It is, thus, obvious that despite the capillary 
tube’s physical simplicity, it is essential that a refri- 
gerating system employing a capillary tube be carefully 
designed to obtain satisfactoiy operation. Not only 
should the capillary and the heat exchanger assembly be 
properly matched for capacity balance , but both the high 
and low pressure sides should also be properly designed 
for optimal performance. 
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1.2 Review of the Previous Work 

The first noticeable work available in literature 
in connection with capillary tubes is due to Staebler (4) . 
Based on his experimental results he has provided few charts 
and tables to help selection of a capillary tube for use 
with R-12 and R-22 . Use of this information reduced the 
preliminary testing work thereto necessary in the proper 
design of a capillary tube for a refrigerating system. 

The work due to Lathrop (5) is based on the 
compilation of the experimental results on refrigerating 
equipment at Philo Corporation. The paper deals with a 
straight forward approach to capillary tube design and 
provides information for a more accurate solution of 
problems pertaining to capillary restrictor tubes . The 
data are presented in a graphical form to depict relations 
between different parameters like, flow rates and degrees 
of subcooling of refrigerants, diameter and length of 
capillary tubes, and pressure differences at inlet and 
outlet of capillary tubes. The author has also attempted 
the problem of matching the tube characteristics with the 
compressor characteristics. 

Bolstad and Jordon (6) studied the case of an 
adiabatic flow in a capillary tube theoretically and 
experimentally. Capillary tubes of diameters ranging 
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from 0.026 to 0.055" (five nos^, and. lengths 6, 12 and 
18 ft using R-12, at inlet pressures of 120, 140 and 160 
psia", were tested. k It was found that, for adiabatic flow 
through a given tube with a given inlet pressure and 
temperature, there exists a critical pressure just before 
the tube outlet below which the pressure can not fall . 

Any pressure in the evaporator below this critical pre- 
ssure can not affect the flow rate through the tube. The 
flow rate is dependent upon inlet pressure, temperature 
and the oil content of the refrigerant. The presence of 
oil in the liquid refrigerant increases the flow rs„te. 

A theoretical analysis has also been made by 
the authors for the first time as an attempt to have a 
better understanding of the problem. One dimensional flow 
in a horizontal tube of circular cross section was assumed 
and the following equation was derived to estimate the 
capillary length 

dl = (Tds - dq)J/ ( (fv 2 / ggd) ( m / A) 2 ) . 

While direct integration of the above equation was not 
possible, a graphical method was presented whereby the 
factor (2gd/f) (A / m) 2 (T / v 2 ) was plotted against 
entropy. The area under the curve plotted as above, is 
equal to the accumulated tube length for a given flow 
rate and set of inlet conditions. 



Ilarcy (7) developed an ingenious method of 
computing the length of a capillary tube for the adiabatic 
expansion of a refrigerant. The method also enables one 
to determine the flow rate of refrigerant through a given 
tube. The author’s analysis involves graphical integration 
of the Fanning equation and the solution, therefore, does 
not depend upon empirical, factors . Within the limited 
range of conditions of the investigation a good agreement 
with the test data is obtained. The paper is a useful 
addition to the literature on capillary tubes as it cons- 
titutes a successful venture by the author of attackihgg 
the problem by other than the experimental method. However 
the work does not take care of capacity balance, roughness 
of capillary tube and effects of oil entrainment on the 
rate of flow through the capillar]?'. Further, the method 
can only be applied to adiabatic flow conditions . 

The second paper by Bolstad and Jordon (8) 
presents test data on capillary tube expansion devices 
using heat exchangers. The authors carried out test runs 
on 15 different diameter-length combinations of capillary 
tubes with diameters ranging from 0.026 to 0 . 055 " and 
lengths from 6 to 18 ft at different inlet pressures, 
varying from 120 to 160 psia. They presented their results 
as plots between various parameters, employing the bubble 
point temperature concept. All through their tests, they 
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maintained the evaporator pressure constant at approximately 
15 psia. They have also presented a correlation between 
friction factor and Reynolds number based on their experi- 
mental data on two diameters, O.O31 and 0.055” using water 
as the test fluid. Although, the authors carried out a 
large number of tests but, their correlated friction factor 
values were based upon the data yielded by one such test 
only. The value of f varies from 0.0242, for the liquid 
portion of the flow where Re = 23,470, to an average value 
of about 0.039 for the two -phase portion of the flow. 

Hopkins (9) studied in detail the flow ratings of 
the capillary tubes using R-12 and R-22 as the working 
fluids . The ratings provided therein are the results of a 
study based upon an analysis using the basic fluid flow 
data in a manner similar in many respects to that of 
Bolstad and Marcy for refrigerants and Benjamin (2) for 
steam. These ratings enable one to determine the diameter 
and approximate length of the capillary before any tests 
are carried out. 

Whites el (10) studied simultaneous flow of gas 
and liquid through capillaries and developed two general 
formulae analytically for slug flow conditions . The 
first formula was derived for flow of a non-condensable 
gas and a non-volatile liquid while the second one was 
developed on the same lines for R-12. The author carried 
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out an experimental investigation using air and water for 
the first foimula and R-12 for the second. The 1-12 formula 
according to the author is applicable at all inlet qualities, 
all inlet and outlet pressures, all capillary dimensions 
and in the temperature range - t-0 °F to 1 ! +0 °F. The author 
also obtained a secondary empirical formula for computing 
the two-phase flow friction factors for R-12. The formula 
is as given below: 

f Tp = 1.5 ( f x (1 - x) + f x ) 

where, f, and f are the values of Panning friction factors 
for liquid and gas respectively, evaluated at the average 
velocity of mixture at the capillary entrance vith the 
assumption of unit slip ratio. The 1*5 multiplier gives the 
increase in the friction factor due to two-phase flow over 
single phase value. 

Cooper et al (11) made a comprehensive study of 
capillary tube performance using mathematical technique. 

They have also presented an experimental correlation for 
their data yielding a simple and useful means for capillary 
tube selection. With the help of charts and equations 
presented, a complete performance of a vast number of tube 
lengths and diameters can be determined over wide operating 
ranges. In their experiments, they studied capillaries of 
lengths, 12, 13, 2*f, 30 and 36" and I.D., 0.1 and 0.036" 
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making four samples of each size. Inlet pres-sures used, 
were 151, 19&, 240 and 285 psia corresponding to 7&j 94, 

109 and 122 °F inlet temperatures, respectively* Four flow 
visualisation tests were also performed using a glass tube 
capillary. As seen by the naked eye, the mixture could best 
be described as ’fog flow’ . No ’slug* or ’bubble flow’ was 
observed. 

Whites el (12) in another paper developed a two- 
phase flow formula for R-22 in a manner similar to that for 
B-12 vide his first paper (10). He also modified his earlier 
two-phase flow friction factor formula in the light of the 
additional tests conducted by him covering a wider range of 
capillary tube parameters. His modified formula can be 
applied with ease to both R-12 and R-22. He has also pre- 
sented a relation for computing critical discharge pressure 
for maximum flow through the capillary tube. To facilitate 
calculations, tables and charts have been provided. Unlike' 
previous workers , the work of Whitesel is unique in the 
sense that his theoretical prediction does not require 
s t ep-wis e inte gr ati on . 

liikol (15) studied adiabatic, single and two- 
phase flow of R-12 and R-22 in capillary tubes both 
theoretically and experimentally. He conducted experi- 
ments on 0 . 055509 n I.D. drawn copper tube of 6 ft length. 
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Visual and photographic studies of two -phase flow phe name nae 
of R-12 were also conducted in a glass tube of 0.C49" I«D. 
and 6 ft length. The results led to the following 
conclusions : 

(1) Drawn copper tubings of snail diameters, in general, 
can not be considered smooth for purposes of friction 
factor estimation. 

(2) fluid flow through small diameter tubes conforms to 
continuum flow condition as established for large 
diameter tubes and pipes . 

(3) The author maintains that friction factor correlation 
of Ifoody and of others consistent with Ifoody* s corre- 
lation, is applicable to single-phase flow in small 
diameter tubes . 

(4) The phenomenon of metastability, which can be des- 
cribed as the persistence of the liquid state to 
pressures less than the saturation pressures 
corresponding to their temperatures, was observed in 
all test runs and during all visual flow observations. 
This means that it is a phenomenon which must be 
considered in refrigerant capillary design. 

Mikol observed two distinct modes of flow in 
the capillary. The first one was a sharply pulsating 
mode comprising large bubbles separated by slugs of 
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liquid. In each case, liquid surrounded the bubble and -was 
in contact vith the capillary vail all-around . The second 
mode was a stable mode and consisted sequentially, of 
subcooled liquid flow, metastable liquid flow, a ‘flash 
point' , a sinuous thread of vapour flowing as a central core 
surrounded by liquid and a fog or spray flow close to the 
end of the tube. The author recommends that the refrigerant 
capillary should be designed according to the stable node. 

For the two -phase portion of the flow, a tentative 
correlation as suggested by the author for the apparent 
friction factor is as follows : 


fmp / fq 1 Q-+95 • 

(apparent) **• 

This value agrees within +10$ with integrated average 
two-phase friction factor value computed from his test data. 


The author has also discussed the phenomenon of 
choking flow in two-phase flow. He holds that choking in 
two-phase flow occurs in the same way and for the same 
reasons as in the case of gaseous flow. Sonic velocity 
occurs at ’the tube exit with expansion to higher velocities 
occurring beyond the tube exit. The paper also includes 
curves for getting the speed of sound in homogeneous two- 
phase mixtures of R-12 based on the following formula: 

0.5 

= ( S c ( ^ ^s=const.^ 


6 
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Niaz and Davis (18) conducted experiments with 
drawn copper tubes, 0.03, 0.05 and 0.063 n I.D. and 7 ft 
long, using R-12. They developed an equation for two- 
phase pressure drop, using a single phase friction factor 
relation obtained on the basis of their experimental . 
results. It lias been found that the capillary lengths 
yielded by their equation for a given pressure drop, are 
$ 0 % greater than those obtained experimentally. The 
authors have, therefore, suggested further work for a 
better correlation of the two-phase flow friction factor. 



1*3 Motivation and Scope of the 
Present Work 

Reviewing the contributions made by the previous 
workers, so far, it seems that a significant amount of 
experimental work , on capillary tube refrigerant flot/s, was 
carried out during the period 19^-8 to 1966. A considerable 
amount of data have since been published in the form of 
curves and tables to assist in determining the over all 
performance of capillary expansion tubes . However, none of 
these data cover all the possible conditions of capillary 
tube applications. On the other hand, rigorous mathematical 
analysis of two -phase flow of refrigerant in capillary tubes 
presents difficulties, which, if not impossible, are rather 
hard to surmount. The few attempts that have been made in 
the past in obtaining an analytical foimulation of the 
phenomenon are by no means complete. These formulations 
have yet to take into consideration the following factors : 

(i) correct determination of two-phase flow friction 
factor and 

(ii) development of a suitable theoretical expression 
pertaining to the actual flow situation in the 
capillary tube restrictor. 

It is to be further noted that all the previous 
data on capillary tubes pertain to straight tube configu- 
ration only* Configurations other than straight (viz. 
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helical, spiral etc*) which, undoubtedly, are economical 
and compact have not yet been analysed. In some applica- 
tions, particularly, domestic refrigerators, capillary 
tubes are general^ used in helical forms, as a matter of 
convenience, to accommodate long lengths and not as a 
factor of design. However, due consideration should be 
given to their design aspect also. This is because of the 
fact that due to secondary flows in curved sections, the 
pressure drops will be higher than those in the straight 
sections, resulting, thereby, in a considerable saving of 
length of capillary tube in the design of a refrigeration 
system. This important aspect of capillary tube design 
has been overlooked so far and needs investigation. 

The present work has been undertaken with a view 
to overcome the above shortcomings related to refrigerant 
flow through capillary tubes . The work comprises both 
experimental and theoretical study of adiabatic, two-phase 
flow in capillary tubes of three configurations - straight, 
helical and Archimedian spiral - using R-12*. Archimedian 
spiral is chosen because it is easier to fabricate. 

Table 1.1, given below, presents all the relevant 
information regarding the size and nature of various spe- 
cimens tested under this study alongwith the thermodynamic 
conditions of the refrigerant used. 


*Mafron-12 is the trade name given to R-12 by the Indian 
manufacturers . 
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TABLE -1.1 

(a) Condition of refrigerant at the inlet of each test 
section : 



^ | Saturated/Subcooled (°c) 

8 

Saturated, 

5 

subcooling 



10 

subcooling 

10 

Saturated, 

5 

subcooling 



10 

subcooling 



1? 

subcooling 

12 

Saturated, 

5 

subcooling 



10 

subcooling 



EH 

subcooling 

* 

Geometry of 

the test sections under study: 

C i) Straight 

• 



No. of test 
sections. 

0 Diameter of tube, 
0 d (m) 


0 Length of tube, 

Sl (m) 

3 

0.00106408 


2.4, 1.8 & 1.2 

5 

0. 0017657 


3.6, 3.0, 2.4 

1.8, & 1.2 


* The basis of selection of the dine ns ions of the 

capillary specimens has been explained in Chapter II. 
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(ii) Eelical : 



2 

0.001 06>+08 

0.01064-08' 

10 

6.8233 

O.O04 

1.8, £ 1.2 

3 

0.001064-08 

0.0159612 

15 

5.694-3 

0.005 

2.4, 1.8 1 
1.2 

5 

0.0017657 

0.0264-855 

15 

4-, 1244- 

0.006 

3*6, 3.-0, 
2.4, 1.8 £c 


1.2 


5 0.0017657 0.035314 


20 3.6103 


0.007 3.6, 3.0, 

2.4, 1.8 & 

1.2 


( ill ) Spiral : 


No. of 

test 

sections 


Pitch, 
p (m) 

ItflHKFJHH 

K| 

^6 ’ 

Cm) 

$ Length, 

0 1 On) 

0 

3 

0.00106408 

0.005 

0.005 


0.062-5; 

2.4 






0.0535" 

1.8 






0.0435' 

1.2 

5 

0.0017657 

0.005 

0.005 


0.TO5' 

3.6 






0.06$~ 

3.0 






0.0625 

2.4 






0.0555 

1.8 






0.0455 

1.2 









A theoretical expres sion for t wo-phase flow p ressure 
drop for the flow of R-12 in a capillary tube has been 
developed for all the configurations studied. Curve-fit 
expressions for two-phase flow friction factors required 
in these formulations are obtained from the experimental 
data for each configuration, separately. These friction 
factor expressions also take care of the geometry of the 
test specimens. The theoretical predictions compare well 
with the experimental observations . The results of the 
present theoretical model are found to be in good agree- 
ment with the experimental work of Niaz and Davis (18). 

Experimental data have been presented in the 
form of charts to facilitate selection of suitable 
capillary sizes and configurations for various applica- 
tions. Method of using these charts is also discussed. 



CHAPTER II 


EXPERIMENTAL SET-UP AMD TEST PROCEDURE 


1.1 Experimental Set-up 

The experimental set-up comprises, basically, a 
2-ton capacity vapour-compression refrigeration system, 
designed and fabricated as per I.S.I. (20) specifications 
for the testing of compressors (2k) . Added on to this 
basic structure, are the various instruments designed to 
make measurements on capillary tubes. The set-up is 
flexible enough to enable the testing of different types 
and sizes of test specimens* 

A schematic diagram of the set-up is shown in 
Fig. 2.1. Photographic view of the experimental set-up is 
presented in Figs. 2.2 (a) through 2.2 (d). Mixture of 
oil and R-12 vapour, delivered from an open type compre- 
ssor, is passed through an oil separator. The R-12 
vapour from the oil separator is passed through a water 
cooled condenser. The liquid refrigerant from the 
condenser passes into one of the flowmeter tubes, connected 
in parallel, after which it goes to a drier. From the 
drier, the refrigerant flows to the calorimeter through 
either of the two different routes —one containing the 
valve DV^ and a thermostatically controlled expansion 
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Fig. 2.2(a) Front view of the rig without insulation 
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Fig- 2 2(b) Front view of the rig with insulation 




! 
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Fig. 2.2(d) Back view of the rig with insulation 
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valve and the other via the valve DV^ , constant temperature 
coil (placed inside a constant temperature hath), valve 
DV^, filter, test section and the valve DV^, as shown in 
Fig. 2.1. The saturated vapour of R-12, from the calori- 
meter, is further made to pass through a liquid separator 
and a superheater before being delivered to the compressor. 

1 detailed description of the various components 
of the experimental set-up is as follows : 

(i) Compressor: An open type, positive displacement 
compressor of 2 -ton capacity for R-12, manufactured 
by Freez. King India Ltd %f has been used in the 
set-up. Both the inlet and outlet valves of the 
compressor have got provision for an additional 
opening. These additional openings at the inlet 
and the outlet are used for charging and discharging 
the system, respectively. The open type compressor 
has been used because no sealed unit of this capa- 
city is available in India. 

(ii) Oil Separator: Since R-12 is completely miscible 
with oil, an oil separator has been incorporated 
into the sjrstem to separate the oil from the refri- 
gerant vapour. 

(iii) Condenser: A two-pass water cooled condenser of 
approximate!}*- 3-ton capacity, manufactured by the 
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American Refrigeration Company, India, has been 
used to condense the refrigerant vapour coming 
from the oil separator. The capacity of the 
condenser is such that it can deliver subcooled 
liquid refrigerant at various operating conditions 
of the plant. Ordinary tap water is used for the 
condenser cooling. 

(iv) Drier: A silica-gel drier, of Danfoss make, is 
fitted in the system to absorb moisture, if any, 
mixed with the refrigerant. The moisture, if not 
removed, can choke the capillary tube partially 
or completely. 

(v) Thermostatic Expansion Valve: A 2-ton capacity 
thermostatic expansion valve made by FLICA, 
Germany, has been used for throttling the refri- 
gerant as shown in Fig. 2,1. The sensing bulb 
of the expansion valve is attached to the wall 
of the suction pipe at the compressor inlet. 

(vi) Filter: A micro-filter, made by Hokes, U.S.A., 
is also included in the system to arrest any 
suspended impurities which may block the capillary 
passage. The filter capable of separating very 
tiny particles is located upstream of the test 
section. 




Fig. 2.3 Calorimeter assembly 
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(vii) Calorimeter: The purpose of the calorimeter is 

to help finding the refrigerating capacity of the 
compressor at different test conditions. Also, it 
acts as a refrigerant reservoir. No additional 
reservoir has therefore teen provided in the system. 
The calorimeter lias teen fatricated in the 
Institute Workshop. It is a cylindrical shell of 
230 mm I.D. and 900 mm length, fatricated from a 
6 mm thick trass sheet. The trazed end covers of 
the shell are made of 12.5 mm thick H.S,. plate. 
Eight II. S. pipes of 11 mm I.D. are placed axially 
in the lower half of the calorimeter shell as 
shown in Fig. 2.3 to house eight 1 kW, electric 
heater rods, 1,0 m long and 9.5 mm O.D. The M.S. 
pipes are welded at toth the ends to the end 
covers. The heater rods are made in U.S.A, 

Fig. 2.4- gives a photographic view of the calori- 
meter. 

A thick wall pyrex glass tute of 25 mm I.D. 
and 150 mm length is used as a refrigerant liquid- 
level indicator. Connections to the indicator 
are taken through a 12.5 mm oopper tubing with 
special fittings at both the ends. The main 
line copper tubing is connected to the calori- 
meter through two valves, one at the top and the 
other at the bottom as shown in Fig. 2.3* A 
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IB mm copper tee is brazed at the bottom of the 
calorimeter to permit the inflow of refrigerant 
liquid into the calorimeter and also to allow the 
measurements of pressure and temperature of the 
liquid. The refrigerant vapour generated in the 
calorimeter leaves through a 25 mm diameter 
Copper tube, brazed at the top, to enter the liquid 
separator, tangentially* The method of calibration 
of the calorimeter is discussed in detail in 
Appendix-A , 

(viii) Liquid Refrigerant Separator; A separator of 

swirling flow type has been constructed and incor- 
porated in the compressor suction line just above 
the calorimeter (Fig. 2 .3) to separate any liquid 
refrigerant droplets, carried by the saturated 
vapour. The separator consists of M.S, pipe of 
7.5 cm I.D. and 200 mm length, with 3 mm thick 
M.S, end plates brazed to it. The pipe line 
connections to the separator are as shown in 
Fig. 2.3. The wet vapour from the calorimeter 
flows tangentially into the separator through a 
25 mm copper tube at a point approximately 5° mm 
above its bottom end. The swirling vapour flows 
upward and out through the top of the separator. 

The liquid separated from the vapour collects at 


the bottom of the separator from where it flows back 
into the calorimeter through the 12.5 mm Copper 
tube. To observe the drainage of liquid refrigerant 
from the separator to the calorimeter a sight glass 
is fitted in the line complete with an inlet and an 
outlet valve, 

(ix) Superheater.: The 25 mm diameter and approximately 
900 mm long Copper suction line, from the separator 
outlet to the compressor inlet, is used to superheat 
the vapour coming out of the separator. The super- 
heating is achieved by wrapping a 1 kW heating tape 
around the suction line * 

(x) Valves and Pipe Lines: All the main line valves 
are of Danfoss make diaphragm type with flared 
connections. All the piping consists of copper 
tubings of different diameters as shown in Fig. 2.1. 
Use of fittings has been avoided in the set-up 
except for the incorporation of valves and the test 
sections, in order to minimize the possibility of 
leakage . 
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1.2 Test Sections 

Commercially drawn copper tubings of two internal 
diameters 0,001064-08 m and 0.0017657 m are used for the 
making of capillary tube test specimens. These diameters 
are arrived at, by the procedure described in Appendix-B. 

The following numbers of test specimens of different 
geometries are fabricated from each diameter copper tubing: 

(a) one of straight configuration, 

(b) two of helical configuration of different D/d 
ratios , and 

(c) one of spiral configuration. 

For each configuration, specimens of the largest length 
studied are first made. The lengths are then gradually 
reduced to obtain test sections of the sizes mentioned in 
Table -1*1 (Chapter I). In deciding the maximum starting 
length for the test sections, due note is taken of the 
capacity, of both the flowmeter and the calorimeter. This 
is necessitated by the fact that the flow rate Invariably 
decreases with increase in the length of the capillary tube, 
for a particular diameter. This decrease in flow rate, 
creates a capacity balance problem which, in our case, 
would be characterised by a slow fall in the level of the 
refrigerant in one of the flowmeter tubes and a sharp rise 
in the level of the refrigerant in the other. This would 


finally result in the flow of the refrigerant from one tube 
of the flowmeter into the other. Another serious problem 
arising out of the ensuing reduction in the flow of the 
refrigerant, as a result of increased capillary length, 
would be the denudation of some of the heater rods fitted 
in the calorimeter and their subsequent failure by over- 
heating. The maximum lengths of the test sections in the 
present studies are, therefore, arrived at, after actual 
testing of the capillary specimens. 

(i) Straight Configuration: Initially, two straight test 

sections of 2.4 m and 3.6 m length and of 0,001064-08 m 

and 0.0017657 m I.D., respectively, are made. Holes of 
0.5 and 0.75 nun diameter at 0.3 m spacing are drilled 
...along the test section lengths of the above two dia~ 

meter tubes, respectively , for pressure measurement 

purposes. To make sure that the holes drilled are free 

from burrs, a soft G.I, wire of a diameter slightly 

less than the bore of the capillary tube is slowly 

pushed through the tube a number of times. In addition 

to this, a small needle is used to clean the holes 

individually. This method of removing burrs, which is 

found to be quite effective, has been perfected by 

carrying out tests on a number of small pieces of 

capillary tubings, then breaking them open at the 

holes and examining them under a magnifying glass. 

Pressure tappings of 50 mm length and 4- mm 
diameter, are fixed by copper eutectic to the test 



specimens at the pressure holes. To ensure that the 
pressure holes do not get chocked by molten cooner during 
the above process, high pressure air was made to flow 
through the capillary tubes. The pressure tannings are 
next joined to the 6 mm diameter connecting lines of the 
pressure header through short pieces, approximately ?0 mn 
long, of the same diameter tubing using flare fittings. 
The test specimens, likewise, are connected to the main 
line through small lengths of 6 mm diameter tubing, at 
either end, followed by 12.5 mm diameter tubing with the 
help of flare fittings. 

i) Helical Configuration: To start with, four specimens 
of helical configuration are made with the following 
specifications : 


wm 

Length, 
1 (m) 

5 Capillary tube 

diameter 5 

D7d 

ratio 

wmmmmm m ■ 

0 »D . ( m) 5 

i 

1 .8 

0.00106408 

0.0021 

10 

2 

2.4 

0.00106408 

0.0021 

15 

3 

3.0 

0.0017657 

0.C0315 

15 

4 

3.6 

0.0017657 

0.00315 

20 


The D/d ratio for the specimen Nos . 2 and 3 has been 
kept identical with a view to study its effect on the 
performance of capillary tubes of different diameters 




For the drilling of burr-free pressure holes the 
same procedure and precautions are followed as for the 
straight test sections. Helical shapes are obtained by 
rolling the capillary tubes of required diameters over 
wooden mandrils . These wooden mandrils are turned to the 
proper size and shape on a lathe machine. Keeping in mind, 
the outer diameters of the capillary tubes which are 
0.00315 m and 0,0021 mthe diameters of the wooden mandrils 
are computed. However it is not possible to keep the 
above theoretically derived values due to the machining in- 
accuracy of the lathe used. Hence, the wooden mandril 
sizes actually used in the making of the specimens are as 
given in the following table : 


D/d ratios 

r To — r 


15 0 

20 

Diameter of 
mandril (mm) 
(theoretical) 

8.5^08 

13.8612 

23.3355 

32 . 16 ^- 

Diane ter of 
mandril (mm) 
(actual) 

8.5 

13.9 

23.3 

32.2 


The end connections for the test specimens and 
the pressure tapping connections are the same as for the 
straight test section. The pitch and the helix angles 
for the various test specimens are as given in Table 1.1. 











Fig. 2-6 Helical test section 






Figure 2.5 shows the schematic diagram of a helical 
test configuration and Fig. 2.6, the photograph of 
one of the test specimens. The helical test sections 
are kept vertical during the einerimental investiga- 
tion and the refrigerant flow maintained from top to 
bottom. This flow scheme is adopted purely for 
convenience since the calorimeter occupies the lowest 
position in the set-up. 

(iii) Spiral Configurations The starting test lengths and 
diameters of the capillary tubings in this case are 
the same as for the straight test specimens viz., 

3.6 m and 2»b m lengths of 0.0017657 m and 
0.00106^08 m diameter, respectively. For the drilling 
of burr-free pressure holes, and making of pressure 
tapping connections and end connection for the speci- 
mens, the procedures followed are the same as for the 
case of straight configuration. 

A r chimedian spiral shaped specimens are made with 
the help of two wooden patterns. To obtain the desired 
shapes, grooves of diameters and depths equal to 
outside diameters of the respective capillary tubings 
are cut in a piece of Shisham wood on a lathe machine, 
j ^ pitch of 5 mm for the spiral is choosen because of 
the ease and convenience of making the patterns 
rigid. The minimum practicable radius at the centre 
for these specimens is 5 mm. 






Fig. 2.9 Flowmeter assembly 




The direction of flow of refrigerant in these 
spirals is maintained from the periphery towards the 
centre j in order to achieve higher pressure drops. During 
experimental studies, the spiral test sections are placed 
in a horizontal position. Fig. 2.7 shows the diagramatic 
view of an Arcliimedian spiral and Fig. 2.8, the photograph 
of a test spiral section. 

2.3 Instrumentation and Control 

(i) Measurement of Refrigerant Flow Rate: The refri- 
gerant flow is measured by means of a flowmeter, shown in 
Fig. 2.9 • The flowmeter consists of two identical limbs 
of heavy duty M.S . pipe, 75 nun I.D. and 1.0 m long, with 
flanged ends. Four, 12.5 mm thick M.S. end plates are 
fixed to the flanges of the flowmeter limbs at both the 
ends with a bolt and nut arrangement. High pressure joint- 
ing and selac solution are used to make these joints leak- 
proof. Holes of diameter 12.5 mm are drilled and copper 
tubes of the same diameter brazed at the centre of each of 
the end plates to provide inlet and cutlet connections to 
the flowmeter. Further, both the limbs of the flowmeter 
are connected through a 12.5 mm diameter copper tube, at 
the top for pressure equalization purposes. The refrige- 
rant lines coming out of the flowmeter both at the top and 
the bottom, are joined to the main line through tee- 
junctions. Solenoid valves are incorporated into each of 
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^■6 lines going into and coming out of the flowmeter limbs 
■between the tee- junctions and the end plates. 

Thick wailed pyrex glass tubes in two pieces (for 
purposes of safety) are incorporated in parallel with each 
of the flowmeter limbs (Fig. 2.9) for the graduation of the 
flowmeter. To fix the pyrex gauge glass tubes in position, 
four thickwalled copper tubes of 12.5 ram diameters and $0 mm 
lengths are brazed to each limb of the flowmeter along its 
length as shown in the above figure. Connections to the 
gauge glass tubes are t alien through the copper tubes using 
12.5 Km ferrule tees and synthetic rubber sealing rings. 

Both the limbs of the flowmeter are used simul- 
taneously during experimentation^ while one supplies a 
measured quantity of refrigerant through a drier to the 
expansion device, the other limb keeps on collecting the 
condensate at the same time. The calibration of the flow- 
meter is described in Appendix-A. 

(il) Test Section Inlet Pressure Control; The 
pressure at the inlet to the test section is controlled by 
regulating th .3 flow rate and the temperature of the con- 
denser cooling water. The schematic diagram of the 
arrangement is shown in Fig. 2.1, wnich includes the 
connections to supply water to the condenser from a gravity 
tank and also from a cooling tank, -using a pump. Water 
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from the condenser outlet is either cooled through a 
spraying arrangement fitted in the cooling tank or, alter- 
natively, heated by recirculating it again and again thr ou gh 
the condenser, depending upon the pressure required at the 
inlet to the test section. The exact control of temperature 
of water in the condenser is achieved by adjusting the flow 
rate of water by the globe valves placed in the circuit. 

(iii) Refrigerant Temperature Control at the Inlet 

to the Test Section: The required refrigerant 
temperature is attained by passing the refrigerant through 
a constant temperature coil placed 'in a constant tempera- 
ture distilled water bath, made by Col ora, Germany. The 
constant temperature helical coil consists of 6 turns of 
12.5 mm diameter copper tube with a mean coil diameter of 
approximately 1:50 mm. The distilled water is heated or 
cooled to attain the desired temperature in the bath. 
Immersion heaters of variable capacity (0.5, 1.0 and 1*5 &W) 
are used for heating the water. Cooling is achieved by- 
circulating the bath water through a cooling coil placed 
in a separate tank of distilled water, submerged in which 
is the evaporator coil of a 1-ton R-12 refrigerating unit. 
This refrigeration unit has been fabricated in the labo- 
ratory and is shown in Fig. 2.1. A thermostatic switch has 
been put In the circuit for controlling the refrigeration 
unit. The temperature of water in the bath is controlled 




with the help of a mercury contact thermometer. A mercury- 
in-glass thermometer with graduation of 0.1 °F has been 
used for accurate recording of water temperature in the 
bath. 

(iv) Pressure Measurement; The' pressure measurement 
is done through Heise pressure gauges of two different 
ranges appropriate to high and low pressures in the system 
and the test section. 

Calibration of the pressure gauges is described 
in Appendix -A. Since only two gauges are used for pressure 
measurement of both the system and the test section, a 
suitable header has been constructed as shown in Fig. 2.10. 
A Hoke’s needle valve is fitted in the line of each pre- 
ssure tapping as shown in the above figure. Valves V^ to 
V 1 2 are used for the test section pressure tappings and 
valve V 11f connects the test section to a vacuum pump for 
purposes of flushing the specimens before testing. 

Pressure is measured in the system at seven 
different locations as shown in Figs. 2.1 and 2.10, The 
valves to V^y are used on low-pressure side and V^q 
to V 21 on high-pressure side. The test section pressure 
tappings and the low-pressure side of the system are 
connected to the low-pressure gauge through valve V 22 and 
V 23 , respectively. Similarly, the high-pressure side of 
the system and the test section pressure points are 
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connected to high pressure gauge through valves V 2lf and 
V 25 , respectively. Although, space for the inclusion of 
one more pressure gauge has been provided in the set-up, 
through valves V 2 g and , it is, however, left unutilized 
in the present study. 

All the connections of the valves and pressure 
gauges are through 6 mm copper tubing using 6 mm swagelok 
fittings. The test section pressure tappings are connected 
with their respective pressure lines in the header using 
6 mm flare unions and brass nuts. This enables to 'make or 
break: the connections easily from the header whenever 
required. 

(v) Temperature Measurement : The temperature is 
measured at the same locations where pressure is also mea- 
sured. In addition to this, the atmospheric temperature 
and the temperature of Idle refrigerant at the inlet to the 
test section are also recorded. Copper constantan thermo- 
couples of 2b gauge have been used. Calibration of the 
thermocouples is discussed in Appendix -A. 

For measurement of temperature in the system, 
at seven different locations, copper tubes of approximately 
30 mm length and 6 mm diameter are brazed to the main-line. 
A 6 mm swagelok tee is fitted to the copper tubes. A 
thermocou ple is then inserted through the limb of the tee 
(Figs. 2.1 and 2.3), vertical to the main line, such that 






Selector sv 


Copper-, 

constdntan' 

thermocouple 






the head is approximately at the centre of the flow. In 
order to form a leak proof joint a teflon cone with two 
small holes adequate to accommodate thermocouple wires is 
used. The teflon conej during the process of tightening 
of the nut, is pressed against the wall of the swagelok 
tee and the thermocouple wires, thus rendering a leak 
proof joint. The horizontal limb of the swagelok tee has 
been used for the system pressure measurement. 

However, for temperature measurement of the test 
section, it is not desirable to insert the thermocouple 
bead inside the capillary tube, as it will almost block the 
capillary bore. The beads of the thermocouples have, there- 
fore, been soft soldered to the surface of the capillary 
tube close to the pressure tappings. Thermocouples T^ 3j|jk | 
T^j in Fig. 2*11., have been provided for this purpose. 

A thermocouple, T^ is inserted in the flow, immediately 
upstream of the capillary inlet, for indicating the refri- 
gerant temperature. The ambient temperature is measured 
using a thermocouple, T « Thermocouples, Ts^, Ts^ and 
Ts^ are fixed on to the surface of the calorimeter with a 
view to determine its rate of heat loss. 

All thermocouple -connections to selector switches 
are made through suitable connectors as shown in Tig. 2.11. 
The output terminals of selector switches are connected to 
a Leeds and Northrup millivolt potentiometer (least count 
0 , 00 $ mV) through- an ice bath reference junction. 
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(vi) . Power Supply: The power supply is taken, from a 
hbO VQlts- cycles/sec, 3-phase mains, through a 3-phase 
voltage stabilizer made by Automatic Electric Co., Bombay, 
with an accuracy of + 1$. The stabilised output is fed to 
the 3 -phase compressor motor via an energy-meter, a starter 
and an off-and-on switch as shown in Pig. 2.12. All the 
heaters are energized by connecting them across one of the 
stabilized phases. Indicating neon lamps, one for each 
heater rod and the energy-meter have been included in the 
circuit. The cooling unit and the other energy consuming 
devices viz., constant temperature bath, water pump, illu- 
minating lamp for flowmeter and the four solenoid valves, 
complete with indicating neon lamps, are connected across 
the other two phases, respectively. 

(vii) Calorimeter Pressure and Temperature Control: 
Pressure and hence, temperature in the calorimeter, is 
controlled by regulating the energy input to the heater 
rods through a coarse and fine adjustment controls. Coarse 
adjustment control consisted of a 1 kW heater rod connected 
in parallel with a variac. Eor finer adjustments an Aplab 
temperature controller is connected in series with another 

1 kW heater rod. The thermister of the controller is in- 
serted directly into the calorimeter as shown in Fig. 2.3 • 
The electric circuit of heaters is shown in Fig. 2.12. 
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(viii) Refrigerant Superheating Control: The input 
to the superheater is taken through a thermostatic switch} 
the sensing hulk of which is fixed to the last portion of 
the suction pip© just ahead of the compressor inlet. An 
indicating neon lamp is also fitted in this circuit. 

(ix) Energy Measurement: The energy input to the 
heater rods in the calorimeter and to the superheater is 
monitored hy a calibrated single phase energy-meter* 
Similarly, a calibrated 3 -phase energy-meter is used to 
measure the input to the motor driving the two-ton, open 
type compressor. The electric circuit is shown in Fig. 2.12. 
Calibration of energy meter is discussed in Appendix-A. 

(x) Water Flow Measurement: A Brook’s rotameter is 
connected at the inlet to the condenser for the measurement 
of the flow rate of cooling water. However, in the present 
study, the rotameter has been used only to control the 
cooling water flow rate. 


2.4- Leak Proofing of the System • 

The calorimeter, the flowmeter and the condenser 
are individually made leak proof before incorporating them 
into the system* For the calorimeter, leaks a.re detected 
employing soap solution technique, at 10 ata pressure (17), 
using compressed air, and 50 micron vacuum successively. 



>1 
i J, 

. " * 

Any leaks observed in the calorimeter while being tested, 
both under pressure and vacuum conditions, are properly 
sealed and the component made leak proof. This is further 
ratified by the steady indication of the respective gauge 
readings over a period of 2*f hours. The flowmeter and the 
condenser are tested for leaks under water at a pressure of 
20 ata (17), using high pressure Nitrogen. Any leaks noticed 
in the components are .mended and the components put under 
2 J + hour test, as mentioned earlier. 

The entire system excluding the test section and 
the cooling unit is, then, checked for leaks at 10 ata, 
using soap solution. After sealing all the leaks at this 
pressure, the high and the low-pressure sides of the system 
are separated by closing the compressor inlet and outlet 
valves, and the valve DV^_. The low pressure side is now 
alternately evacuated and pressurized using the same tech- 
nique as was used for the leak testing of the calorimeter. 
The high-pressure side is checked for leaks at 20 ata 
pres sure . 

Next, the cooling unit, is made leak proof, 
following th e same procedure as for the main system. E a ch 
test section, fitted with all the pressure tappings, are 
also checked for leaks at 20 ata pressure, under water, 
before being installed into the system. 



2.5 Charging of the System 


The system is first evacuated to 50 micron vacuum, 
then filled with carbon dioxide gas till the pressure 
increases to approximately 1 atm and then again evacuated 
and refilled with CO^, This process of flushing is repeated 
thrice with C0 2 gas and twice with R-12 vapour. The system, 
after the flushing is over, is ready for charging. A 
cylinder containing R-12 is connected to the charging port 
provided at the inlet to the compressor (Fig. 2.1). Next, 
the inlet valve to the compressor, is completely closed and 
the charging port' is left fully opened. The compressor is 
now run. The cooling water is supplied to the condenser. 

The system is charged slowly with refrigerant. Charging is 
continued till (i) the liquid level in the calorimeter is 
approximately 25 mm above the topmost heater tube fitted 
therein and(ii) a tie as t one of the flowmeter limb gets 
filled with the refrigerant. The compressor is then stopped 
and the charging line disconnected. The cooling unit is 
also, similarly, charged with the required amount of R-12. 


# * 

2.6 System Insulation 

The calorimeter is wrapped first with 6 mm thick 
asbestos belt. Its surface and the connected lines (going 
to the gauge glass) are then covered with, 100 mm thick 
glass wool. The suction line, the separator and the 
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flowmeter are all insulated with, 75 mm thick, glass wool. 
All the lines in the system including pressure header 
connections are insulated with 6 mm diameter asbestos rope. 
In addition, the lines from the flowmeter outlet to the 
test section inlet, from the test section outlet to the 
calorimeter inlet and the pressure header connections are 
all covered with glass wool, 50 mm thick. 

The straight test section is first insulated with 
6 mm diameter asbestos rope and then covered with glass 
wool* The spacing between the turns of the helical coil is 
first insulated by winding asbestos rope around the wooden 
mandril and then the whole coiled specimen including the 
spacing is further insulated with glass wool. Since, the 
spiral test section is made on a wooden pattern, it is 
covered with glass wool insulation after incorporating it 
in the set-up. 

In the cooling unit, the cooling tank is insula- 
ted with glass wool upto 75 h® thickness. The portion 
of the evaporator line exposed to ambient is also covered 
with glass wool. The recirculation line for the condenser 
cooling water is heavily insulated with glass wool. 



2.7 Experimental Procedure 

Test sections of straight, helical and spiral, 
configurations have been studied. As mentioned earlier, 
experiments are initiated using the longest lengths for 
each test section, which are subsequently reduced in stages 
to yield a number of test samples (Table 1.1). All the 
samples are tested at three inlet pressures (12, 10 and 8 
kgf/cm absolute) and four inlet temperatures of the refri- 
gerant (saturated and 5 °C, 10 °G and 15 °C subcooling) for 
each inlet pressure. However, for 8 kgf/cm 2 absolute pre- 
ssure, it is not feasible to test the samples at 1J? °C 
sub cooling due to the limitations of the cooling unit. 

After mounting a particular test section into 
position, the system is switched on. Before taking down 
any measurements, the system is run till such time as the 
desired inlet conditions (pressure and temperature) at the 
test section are obtained. This invariably takes about 
half an hour duration. The procedure followed to attain 
the required inlet conditions is as follows : 

The constant temperature bath and the cooling 
unit are switched on. The bath temperature, which is 
controlled by a mercury contact thermometer installed in 
the bath heater circuit, is maintained at a temperature 
slightly higher than that desired at the test section 
inlet, to take care of any heat losses between the 



constant temperature bath and the Inlet to the test section. 
The valve DV^ in the by-pass line is closed to ensure the 
flow of refrigerant through the test section. The mercury 
contact thermometer is further adjusted to attain the 
desired temperature ^t the inlet to the test section as 
indicated by the thermocouple T^. 

The pressures at the inlet to the calorimeter and 
the test section are indicated by the low and high pressure 
gauges, respectively. The heaters in the calorimeter and 
the superheater at the compressor inlet, to superheat the 
refrigerant to about 10 °C, are switched on. To maintain 
the temperature constant in the calorimeter use is made of 
the thermostatic switch fitted in the circuit of one of the 
calorimeter heater rods. 

In order to obtain the required pressure at the 
test section inlet, the flow rate of cooling water through 
the condenser is controlled by means of the valve GV^ , 

p 

As mentioned before, 8 kgf/cm absolute pressure at the 
test section is achieved by circulating water through the 
condenser from either the gravity tank or the cooling tank, 
or both. The remaining pressures are obtained by reeir- 
culating the condenser water and held constant by mixing 
the condenser water with the gravity tank wate r . 

Hie refrigerant flow is measured by recording 
the time of fall of a particular volume of refrigerant in 



the flowmeter limbs and the final reading is taken as the 
mean of the two. A double way switch fitted in the 
solenoid valve circuit is operated manually to connect 
either of the flowmeter limbs alternatively with the test 
section. Pressure and temperature at various locations in 
the test section and of the calorimeter are then recorded. 
Also, the temperature of refrigerant at the inlet to the 
test section and both at the inlet and outlet of the flow- 
meter are noted. The above data alongvith the ambient 
temperature and the pressure constitute one set of readings. 
Similar set of readings are recorded for various combina- 
tions of test section inlet pressures and temperatures. 
Steps delineated above are' repeated in sequence for other 
test section lengths, diameters and configurations. It is 
to be noted that each time a new test section is incor- 
porated into the system, it is duly checked for any leaks 
and properly flushed. 

During the course of experimentation, especially 
with small diameter capillaries, the capacity balance 
problem is observed. This is combated by draining the 
accumulated fluid from high-pressure side to the low-pre- 
ssure side via the thermostatic expansion valve line. In 
order to ensure the reliability of the data, readings are 
repeated at random and found reproducible 



CHAPTER HI 


THEORETICAL ANALYSIS AND DATA REDUCTION 
3.1 Governing Equations 

It is well known that two phase gas -liquid flow 
is amenable to theoretical analysis by the use of either 
the "homogeneous model" or the separated flow model" • 

the assumptions on wnich the "homogeneous model" is based 
are : 

(a) one -dimensional, steady state, adiabatic flow with 
equal vapour and liquid linear velocities (i.e. slip 
ratio unity) 

(b) attainment of thermodynamic equilibrium between the 
phases and 

(c) the two phases considered to flow as a single phase, 
possessing mean fluid properties. 

The "separated flow model", on the other hand, 
considers the phases to be artificially segregated into 
two separate streams, each travelling at a different 
velocity. 

The "homogeneous model" which is also known 
as the "friction factor" or "fog-flow" model has been 
more commonly used in the refrigeration applications 
for a considerable time because of its simplicity* 
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Unlike the "separated flow model", the "homogeneous. flow 
model" does not require the evaluation of the two-phase 
multiplier and the void fraction which is quite compli- 
cated and cumbersome. It is to he further noted that 
while the "separated flow model" provides accurate 
pressure drop estimates in the low mass-velocity range, 

G = 1360 kg/nns, the "homogeneous model" gives better 
agreement in the higher mass-velocity range, G >2000 - 
2500 kg/m-s (23). 

In the present study, however, the "homogeneous 
model" has been adopted for the reasons that, apart from 
being simple and tractable in its analysis, it has been 
highly recommended for use with high mass -velocity, flows, 
which were invariably encountered in this investigation. 

Using the momentum balance approach, the 
pressure change in the tube is given by, 


dp/ai = (dp/ai)^ Cd P /ai) a0 + (dp/ai)^ (3.1) 


where , 

(dp/dl),^ = pressure gradient due to friction 

= - fjj, P V 2 / 2 g c d 

= - fjp G 2 v / 2 g c d (3.2) 


(dp/dl) = the pressure gradient due to 

acceleration, brought about by 
area and phase change 
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= " ( m / A g c ) (dY/di) 

2 

= ” ( G / g c ) (dv/dl) (the area being 


constant in the present study) 

(3-3) 

( dp/dl )g^ = pressure gradient due to gravity 


= “ (g / g Q ) p sin e 


= - (g / g Q ) (sin e /v) 

( 3 A) 

V = X v g + (1 - x) V-J^ 

(3.?) 

and V = G / p = Gv 

(3*8) 


Substituting relations (3,2) - (3,6) in the 
equation (3.1), we get, 

(dp/dl) = - % G 2 v / 2 g c d - (G 2 / g c ) (dv/dl) 

- (g / g c ) (sin e / v ) 

= - f Tp G 2 ? / 2 g fi d - (G 2 / g c ) (dv/dp)( dp/dl) 

- (g/g c ) (sin e/ v) 

The various parameters appearing in the above expre- 
ssions have the following units: 

2 

p (pressure) : kgf /cm 

v (specific volume) : nr /kg 

2 

G (mass velocity) : kg/m -h 

p 

g (acceleration due to gravity): 9*81 m /s 

g (conversion factor): 9*81 (kg-m) / (kgf-s 2 ) 
o 

1 (length) : m 
d (diameter) : m 



(dp/dl) (1 +(G 2 / g(j ) (dv/dp)) 

= - f T p / 2 g c d - (g / g Q ) (sin 8 / v) . 

(dp/dl) = - ( G 2 v / 2 g Q d + (g / g c ) (sin 6 / v)) 

(1 + (G 2 / g Q ) (dv / dp)} 

= - (fjp v / 2d + g sin 8 / G 2 v) / 

(( g c V G 2 ) + ( dv / dp )) (3.7) 

Taking account of units as defined in the foot 
note on page '62 the Eq. (3.7) becomes, 

(dp/dl) = - (f Tp v / 2d + 9.8I (36OO) 2 sin e / v G 2 ) / 

(' 9*81 (3600) 2 10 k / G 2 + (dv / dp)) 

(3.8) 


To obtain the solution for 1 as a function of 
p, the specific volume, v, has to be substituted as a 
function of pressure. The expressions for and v g in 
Eq. (3*?) to estimate the specific volume, v, are obtained 
by the curve fitting technique, employing the data avai- 
lable on saturated R-12 (13 ) , as follows:. 

v g = 0,16375321 / p °* 9 ^ 29 (3.9) 

v x . = 0.00066633 + 0.00002638 (p -*0.84-36132) °’’ 731 



The expressions (3*9) and (3.10) are "valid in the 
temperature range - 30 °G to 50 °C with curve-fit errors of 
1.552$ and 0.2798$, respectively. 

4 

Substituting for v g and v, I21 Eq. (3.5),. 

we get; 

v = (0.00066633 + 0.00002638 (p - 0.8436132) 0 ’ 371 (1 - x) 
+ 0.16375321 x /V' 9529 (3.1-1) 

with 1.5521$ error over the temperature range - 35 °C to 
50 °C. 

An equation similar'. to Eq. (3-11) was derived by 

f 

Niaz and Davis (18), as follows: 

» 

I 

v = 0.00074906 (1 - x) * 35.95509 x/ p (3.11a) 

which has an error of 5$ over the temperature range - 5 °0 
to 50 °C. It is obvious, therefore, that Eq. (3*11) is 
more accurate than that given by Niaz and Davis and covers 
a much wider temperature range. 

Differentiating Eq. (3. 11 ) and rearranging, it 

gives , 

(dv/dp) = I.928378 4 10 ^ (1 - x)(p 0*8436132) 9 

- (6.6633. * lO* 4 + 2.638 * 1G~ ? (p - 0*8436132) 0 * 731 ) 

( dx / dp) 

+ 0.16375321 p "°*9529 ( dx / dp) 

- 0.156C4C43 p*" 1 *9529 x 


( 3 . 12 ) 
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The quality, x increases as the fluid flovs 
through the capillary tube. The expression for x, giiren 
by White sel (10) has been used in the present formulation, 
i.e .5 

x = 1.8 - ( 1.8 - x^) exp (O.ll^fl (p 0 *^ - ) 

(3.13) 

where, the subscript, i, 'denotes inlet conditions. This 
equation was derived by Whites el under the assumption that 

the fluid flowed isenthalpically. The enthalpy falls 

* 

slightly as the velocity and, hence the kinetic energy, 
increases with the increase of dryness fraction. However, 
in the region of present interest, the error introduced by 
Eq. (3*13) is only of the order of 1 % (18). This error 
being small in magnitude however, outweighs the advantages 
gained from a more rigorous analysis based on true adiaba- 
tic conditions which is very involved and tedious. 

Differentiating Eq. (3*13) j 

(dx/dp) = -0.05770? p“ 0 *^ C 

where , 

C = (1.8 - x^) exp (0.115^1 (p^*^ _ Pi *‘ ? )) 

( 3 ^) 

Hence, expression (3 *"13) Eiay be written in a s mrpl if ied 


form as , 

x = 1 .8 - C 


(3-1^ a) 
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Substituting Eqs. (3.I3), (3.14) and (3.14 a ) 
into Eq. (3.12), 

(dv/dp) = I.928378 * IQ-* ( G _ 0>8 ) < p _ o, 8436132)" 0 * 269 
+ 0.38450601 * 10*^ c p"°*5 

t 0.1522259 * 10“5 c p-°*5 (p _ 0.8436132)°*^”* 

- 0.94493858 * io" 2 c p” 1 *4529 

- 0.1 5604043 (1.8 - c) p ~ 1 *9529 (3.15) 

Further, substituting Eqs. (3. 11 ), and (3.15) into 
Eq. (3*8), the equation for pressure drop becomes; 

(dp/dl) = - ((f ip / 2d) ((6 .6633 * 10’ 2f 

+ 2.638 * 10-5 ( p _ 0.8436132) 0,731 )(C - 0.8) 

+ 0.16375321 (1.8 - C) p“°’ 9 529) 

+ 1 .271376 * 10 8 sin e / (G 2 (6.6633 * 10^ 

+ 2.633 * 10-5 ( p .. Q,8436132)°* 731 )(C - 0.8) 

+ 0.16375321 (1.8 - C) p -°*9529)) / 

(1.271376 * 10 12 G“ 2 

+ 1.928378* * 10-5 ( C _ o.8)(p - 0. 8436132) ” 0 * 269 
+ 0.38450601 * 10"^ c p"°*5 

+ 0.1522259 * io“5 c p” 0, 5 (p - 0.8436132) 0 * 731 

- 0.9449358 * io“ 2 c p”i *4529 

- 0.15664043 < 1.8 - C) p - 1 *9529) (3.16) 

For helical test sections, Eq. (3.16) remains. valid 
except that the gravity terms will be negative as in the 



present study, the direction of refrigerant flow in the 
helical test specimens is from top to bottom. For the 
straight and spiral configurations, however, the pressure 
gradient terms due to gravity will be zero, since Q is 
zero. Therefore, the governing equation for the pressure 
gradient, for these two cases, (i.e. straight and spiral) 
reduces to 

(dp/dl) = - (f Tp / 2d)( (6 ,6633 * ICf 4 

+ 2.638 * 10“* Cp - 0.84361 32) 0,731 (C - 0.8) 

+ 0.16375321 Cl .8-0 p“°*9529 )/ (1.271376 * 10 12 G' 
+ 1 .928378 * 10"* (C - 0.8) (p - 0.84.361 32) “°* 269 

+ 0.384-50601 * 10* 4 G p“ 0 ** 

+ 0.1522259 * 10"* G p“ 0 ** (p - 0. 84-361 32) °* 7 31 

- 0.944-9358 * 10” 2 C p” 1 ^* 29 

- 0.15604-04-3 (1.8 - C) p"* 1 *^ 2 ? ) 

(3.17) 

Niaz and D a vis (18) also developed an expression 
similar to Eq. (3*17) as follows: 

(dp/dl) = (fp / 2d) (0.84-372 * 10 3 p (C - 0.8) 

+ 4-0.5 (1*8 - C)) / 

(1 .3392 * 10 8 p 2 / G 2 + 0.335574- * 10* C p 1 ** 

- 0.1610853 c p 0# * +4-0.5 0 - 72.9) 


(3.17a) 
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After mailing appropriate substitutions for 
f Tp in Eqs (3.16) and (3.17), one gets (dp/dl) as a func- 
tion of d, G, p and C. These expressions for dp/dl can 
be easily integrated to determine the capillary length for 
a particular pressure drop or vice versa, for the desired 
configuration . 

3.2 Friction Factor and Reynolds Number 
(i) Straight Test Section 

The findings of Mikol (15) revealed that the 
viscosity of the liquid phase was much more significant 
than that of the vapour phase. This has also been pointed 
out by Marcy (7). Further, Mikol suggested that, in the 
two -phase region of flow through a capillary, an apparent 
friction factor could be used which is related to the 
Moody friction factor for the flow of a pure liquid, by: 

f Tp / f ± 1 0-95. 

(apparent) 

On the otherhand, White sel (10) re commended that 
the friction factor should be calculated using an average 
vis cos it?/- found from the values for the "liquid and gas 
phases, weighted according to their respective mass 
fractions . 

According to Niaz and D a vis (18), the friction 
factor is considerably more complex than indicated by 
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either of the above approaches . They, however, found 

experimentally the single phase liquid friction factor, as 
follows i 

f l = °* 32lf / Re °* 2 ^ (3.18) 

•They also expressed viscosity of liquid R-12 as 

0 1ft 

= .3 *39621 51 / P , with 1$ error over the temperature 
range —20 C to 50 °G. Substituting the above expression 
for in Eq (3.18), they obtained, 

% = 0.43984 / ( G d p °- i8 )°-25 (3.19) 

They solved Eq (3.17a) using Eq (3.19) for friction factor 
and found that the length calculated for a given pressure 
drop is approximately 10$ greater than that obtained expe- 
rimentally by them. They have also pointed out that the 
value of f used by them was too low. 

In the present investigation, the Eq (3.18) has 
been modified and substituted for fpp in Eq (3.17). 
Therefore, more accurate curve fit expression for v-j. and 
v have been obtained as follows : 

o 

y-L = 1 .29924141 / p 0,277 (3.20) 

Vg = 0.03909286 p°*°77219l4 (3.21) . 

The expressions (3*20) and (3.21) are valid in the tempe- 
rature range - 40 °C to 50 °C with curve fit errors of 
0,4064$ and 0.8556$, respectively. 
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From Eqs (3.18) and (3. 20) one gets, 

% = 0.3^5913^7 / (Gd) 0 * 2 ^ p °»°6925 (3<22) 

Using Eq (3*22) for f^p , the Eq (3.17) has been solved. 

The results are presented in Chapter IV. 

The two-phase flow friction factor, f T? , has also 
been obtained as a function of two— phase flow Reynolds 
number, Re^p , from the experimental results. R^p is 
defined as, 

Re Tp = Gd / y^p (3.23) 

where, limp. .according to McAdams (1), is given by the 
expression; 

1 / Vjp = x / Vg + (1 - x) (3»2*f) 

where, 9X1(1 Ug are substituted from Eqs (3.20) and 
(3.21), respectively. 

The relation between f^p and Be^p has been ob- 
tained in the same form as Eq (3.18) for single phase flow. 
This is consistent with the suggestions of Collier (23). 

The local two -phase flow friction factor values are obtained 
using Eq (3*17) in the following form: 

f Tp =r- 2d (dp/dl) (1.271376 * 10 12 G” 2 

+ 1.928378 * 10-* (C - 0.8) (p - 0.84-361 32)~ 0, 269 
+ 0.384-^0601 * 10"^ C p“°*^ 

I 


+ 0.1 522259 * 10"? c p" 0 '? (p . 0.8V36132) 0 * 731 

- 0.9449358 * 10" 2 0 p" 1 ^529 

- 0.156C4-C4-3 (1,8 - C) p “ 1 *9529) / 

((6.6633 * 10* + 2.638 _* 10"? ( P - 0. 8436132) °* 731 ) (c - 0.8) 
+ 0.16375321 (1.8 - C) p -°-9529 ) ( . 


The value of fy p is obtained, at the pressure points along 
the length of the test section. In order to evaluate 
pressure gradient (dp/dl), a polynomial is fitted using the 
observed pressure data, for each set of readings. The 
polynomial, thus obtained, is diff erentiated, with respect 
to length to yield the value of (dp/dl). This value of 
(dp/dl) is then substituted in Eq. (3*25) along with other 
parameters to obtain the value of f Tp , The local values of 
Re^p are also obtained using Eqs, (3.23) and (3.24). Using 
the set of values for f Tp and Re Tp , derived above, the 
step-wise linear regression program* is used to determine 
the constants in the following relation: 

frpp = ^ ^ e TP^ * (3*26) 

The exact form of this equation using the data of the 
present investigation, is given in Chapter IV. 


♦The program was developed by 

Dr. Potluri Bao 
Professor of Econometric 
University of Chicago 

U.S.A. 



(ii) Helical Test Section 
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For this configuration, no tiro-phase flow friction 
factor correlation is avail. alls in literature, not even for 
large diameter tubes. However, for single phase turbulent 
flow in coils, Mori and Nakayama (19) present the following 
relation for evaluating the friction factor 4 

^ = 0.3 (d / D)°*5 / (£ e ( d f p) 2 )0.2 * (1.0 + 0.112 / 

(Re (d / D) 2 ) 0 * 2 

(3,27) 

In the present study, a two -phase flow friction factor 
correlation has been developed for the helical configuration 
in a manner similar to that for the straight test section 
by using the experimental data on helical test sections. 

The local two-phase flow friction factor values are first 
obtained using the Eq. (3. 16) in the following foim : 

f Tp a - 2d •( dp/dl ) (( 1.271376 * 10 12 G -2 

+ 1.923878 * 10-* (C - 0.8) (p - 0.8436132) -0 * 269 

- 0.15603C4 (1.8 - G) p" 1 *9529 

+ 0.1522259 * 10- 5 C * p~ 0 *^ (p - 0.8^361 32) °‘ 7 ^ 1 
+ 38^50601 * 10"^ C * p 0 *^ 

- 0.9449358 * 10“ 2 C * p" 1 * 4 ^ 29 

- 1.271376 * 10 8 sin Q / (G 2 * (6.6633 * 10* 
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+ 2.638 * 10~ ? (p - 0.84-36132) 0 * 731 ) 

(C - 0.8) + 0,16375321 (1.8 - C) p “°*9529)) / 
((6,6633 * 10 Jf + 2.638 * io"^ (p - 0 .84-36132) °* 731 ) 
(C - 0.8) + 0.16375321 (1.8 - C) P “°-9529) 

(3.28) 

Step-wise linear regression technique is then used for 
obtaining a curve-fit expression of the form : 

fipp — A 1 (Re^p) (R / d)^ (3*29) 

The evaluation of constants (A', B l , C‘) for the above 
equation is discussed in Chapter IV. 

liii) Spiral Test Section 

The most recent work on this configuration is due 
to All and Seshadpi (22) . They have studied the flow of 
water in polythene Archimedian spirals; the direction of 
flow being from the centre towards the periphery. The 
turbulent, single phase friction factor expression, deve- 
loped by them, is i 

f = 0.65 * Re" 0,18 (d (P 1)"°^ ) 0,5 (R 0 (P l)" 0 ^ )° #7? 

(( R - L) (P 1)‘°‘ 5 )°'^ 

0 1 (3.30) 

In the present work, two-phase flow friction 

factor correlation has been developed for spiral 
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configuration, using the experimental data. The’ local 
values of two-phase flow friction factor are obtained from 
the Eq. (3«25)» Step-wise linear regression program is 
employed to obtain a curve fit expression of the form 5 

f Tp = A" Re B " (a / (P i) 0 - 5 ) c " (R o / CP 1)°*5 

(( H o - ^ ) / (P l)°-5 ) E " ( 3 . 31 ) 

The evaluation of constants appearing in the 
above equation is discussed in Chapter IV. 



CHAPTER IV 


RESULTS AID DISCUSSION 

As mentioned, earlier, capillary tubes of straight, 
helical and spiral configurations of various sizes have 
been tested to study their relative performance for the flow 
of refrigerant-12, under various inlet conditions. The 
results for each configuration are presented and discussed, 
separately. 

4-.1 Straight Section 

In the experimental investigation relating to 
straight test specimens, the following parameters have been 
varied: 

(i) diameter and length of the capillary tube 
(ii) temperature and pressure at the inlet to the 

test section. 

This, automatically, results in the variation of the mass- 
flow rate of the refrigerant during experimentation. The 
mass-flow rate also is, therefore, considered as an 
additional variable* 

Eight test sections of different sizes have 
been tested under various inlet conditions as stated in 
Table 1.1 (Chapter I). All the recorded data are analysed 
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and plotted for various parameters. When pressure and 
temperature are plotted against length for particular sized 
test specimens, under saturated and subcooled conditions 
of the refrigerant at a specified inlet pressure, it is 
observed that the trend of the pres sure -temperature vs 
length curves is similar in nature for all other inlet 
pressures. Therefore, it is felt unnecessary to include 
all the plots in this work. However, data for only two 
test specimens of sizes, the largest and the smallest, 
are plotted in Fig. b.1. for the highest and the lowest 
inlet pressures, respectively, for purposes of discussion. 
The flow rates corresponding to various inlet conditions 
are also shown. The following observations are made from 
Fig. if .1 : 

(i) The phenomenon of metastability is seen to occur in 
all the test runs when subcooled liquid enters the 
test specimens. This is in conformity with the find- 
ings of Mikol (1?) and ITiaz and Davis (18). When 
subcooled liquid is throttled through a capillary tube, 
the pressure decreases linearly while the temperature 
remains almost constant till the saturation pressure 
corresponding to subcooled liquid temperature is 
attained at the theoretical flash point. Beyond this 
point, the pressure decreases at a rate faster than 
before and the temperature, which is so far constant, 



starts falling, rather, slowly initially, -thereby, causing 
the liquid refrigerant to remain at a net as table - super- 
heated state. This state persists in the flow upto the 
actual flash point where the degree of sunerheat is 
sufficient enough to cause bubble nucloation. In the case 
of saturated liquid entry, on the other hand, a therno- 
dynamic equilibrium exists and, hence, nucleation takes 
place as soon as the pressure starts decreasing. 

Further, it is noticed from the figure that the 
metastable length decreases with the increase of the 
degree of subcooling. This is because the slope of the 
pressure curve at the theoretical flash point decreases 
with the increase of the degree of subcooling. The ten- 
dency of the temperature to lag behind is, thus, reduced, 
which results in the reduction of the me tas table length. 

ii) For a particular sized specimen, at a given inlet pressure 
the exit pressure and the flow rate increase as the inlet 
temperature changes from saturated to subcooled conditions 
Also, it is noticed that the higher the degree of subcool- 
ing, the lower the rise in the exit pressure. The above 
observations may be explained as follows : 


*me tas table 
between the 

as shown in Fig. 4.1 for 1? °C subcooled inlet condi- 
tion, as an illustration. 


length is defined as the capillary length 
theoretical and the actual flash rsoints 
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Under two-phase flow conditions, tiie resistance 
to flow in the capillary is greater than that for the 
single phase flow situation. This is supposed to he due to 

(i) the change of phase from liquid to vapour and 
Cii) the irreversible mixing of the liquid and the vapour 
phases » 

This increase in resistance causes the flow rate through 
the capillary to decrease, with the result that the pre- 
ssure at the exit of the capillary reduces to a value lower 
than that observed under single phase flow conditions. The 
figure, however, shows that both the exit pressure and the 
flow rate increase with an increase in the degree of sub- 
cooling. This is due to the fact that the two-phase flow 
length (i.e. the length from the actual flash point to the 
capillary exit), where greater resistance to the flow and 
hence a higher pressure drop occurs, gradually decreases 
as one moves from the saturated towards the subcooled con- 
ditions. As expected, the two-phase flow length for the 
15 °C subeooled condition is seen to be the minimum. From 
the figure 4.1, it can also be seen that the two-phase 
flow portions of the curves become much steeper as the 
subcooling at the inlet to the capillary decreases . 

This explains t >’0 lower rate of rise in the inlet 
pressures with increased subcooling. 
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Figures 4.2 (a) and 4.2 (b) sliov pressure- 
temperature variation with the capillary length for 
saturated liquid at different inlet pressures for the 
capillaiy-tube diameters of 0.00106408 m and 
0.0017657 m, respective^. Refrigerant flow rates, 
m, corresponding to various test section lengths and 
inlet pressures are also shown in the figures. The 
following observations arc made about the plots : 

(i) For saturated inlet conditions, no netastability 
occurs and the pressure and temperature behave, 
as expected, in accordance with, the saturation 
relationship. This confirms the accuracy of the 
test observations. 

(ii) For the same initial pressure and temperature 
conditions, the exit pressure and the flow rate 
are seen to decrease non-linearly with increased 
length of the capillary. This is explained by 
the fact that as the capillary length increases, 
the resistance to flow increases non-linearly. 
This situation is also encountered in the case 
of single-phase flow. 

(iii) Comparing figures 4.2 (a) and 4.2 (b), it is 
observed that for the same inlet state of the 
refrigerant and the capillary length, the flow 
rate decreases appreciably for the case of the 
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small diameter capillary tube, as expected. The 
exit pressure is also observed to be lower for 
the case of the small diameter capillary . 

In Fig. 4-. 3 , the variation of the mass flow rate 
with capillary length is shown for all inlet conditions and 
the two capillary tube-diameters . As expected, the mass 
flow rate is seen to decrease with increased capillary length, 
due to the increase in resistance. 

Figure 4- .4-, represents the variation of overall 
pressure drop with the length of the capillary tube for 
different inlet conditions and the two capillary-diameters. 

It is found that the overall pressure drop increases with 
the length of the capillary tube and is relatively higher 
for the small diameter capillary. It is also observed that 
for a particular sized capillary, the overall pressure drop 
decreases with the decreasing inlet pressure. This is as 
it should be. 

Figures 4- .3 and 4- .4- may be used as charts to 
determine the straight capillary tube size for a refri- 
geration system. The method demonstrating the use of these 
charts for a particular application is presented and 
discussed in detail in Appendix - D. Referring to the 
Appendix - D, it is found that for a refrigeration unit 
of 0.3175 ton capacity operating between 0 °C and 4-1 °C, 
the capillary tube length required to give the desired 




0.6 1.2 . ■ . 1.8 ' 2.4 J.U 

Length , m 

Comparison of theoretical and experimental results 


Straight test section 


■ i =. J 6 m . . 

m : 2 ^ S * 2 * t * 


'.! =0.0:106408 
1 -- 1 .■ 2 : m 


Ss m 9.90 76 Kg/n 


Experimental points 

Theoretical cur/e using 
1 riot i on- factor €^.(44) 

/Theoretical curve using 
f r ic t ion factor;; £q . 0 , 22 ) : 



88 


pressure drop is 3.36 m, for a 0.001765 7 m diameter 
capillary tube. 

Figure .5 gives the variation of local values 
of the two-phase flow friction factor, f Tp , with the two- 
phase Reynolds number, Re Tp , determined by the method 
described in Chapter III. Large scattering of the data 
for the local values of the friction factor is discerned 
due to the random character of the two-phase flow pheno- 
menon. The two-phase flow Reynolds numbers for the above 

k c: 

data, are seen to lie in the range 10 - 1CK, Figure 

4- .5 also shows the curve obtained by using the friction 
factor correlation : 

f Tp = 0.4-12518 / R eTp °* 2 55611 # (4.1) 

The above correlation is derived by substituting the values 
of the constants A and B in Eq. (3*26). The constants 
A and B are determined by the regression technique, 
employing the data gathered during the present investigation. 

Figure 4- .6 compares the present theoretical and 
experimental pressure values for the two different 
capillary tube sizes. The theoretical values have been 
obtained in two different ways by substituting relations 
(4-.1) and (3«22) for the friction factor in the general 
Eq. (3.17) for (dp/dl). It is seen that the experimental 
points are in closer agreement with the theoretical curve 
obtained by using Eq. (3-17) and the friction factor 


Pressure, Kgf/crrr abs 






relation (4,1), This proves the accuracy of the present.", 
developed correlation (4,1) for the friction factor, 

■Also, the present theoretical results for the 
variation of local pressure vs capillary length have been 
compared with both the theoretical and the experimental 
results of Niaz and Davis (18), in Fig. (4,7), It is 
obvious that there is too much deviation between the 
experimental and theoretical' results of Niaz and Davis , 
specially towards higher capillary lengths • Niaz and Davis 
realized that in the derivation of their theoretical results, 
the friction factor used was too low. An attempt has, 
therefore, been made in the present investigation to improve 
their friction factor by developing a new curve-fit expre- 
ssion (3.20) for The resulting .expression (3 .22) 

obtained for the friction factor is substituted in the 
general expression (3.17) for (dp/dl). The theoretical 
pressure values yielded by Bq. (3.17) with (3.22) have 
alsso been plotted in Fig. (4,7). It is found that the 
theoretical curve, thus obtained, is slightly lower than 
that of Niaz and Davis, but still far away from their 
experimental curve. However, the friction factor corre- 
lation (4.1) developed in the present work, when subs- 
tituted in the general Eq. (3.17) for (dp/dl), gives 
results which are in better agreement with the experi- 
mental findings of Niaz and Davis. Therefore, the theore- 



reeomraended for the design of straight capillary tubes for 
refrigeration systems in the temperature range -35 °G 
to 50 °C. 
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4,2 Helical Section 

Fifteen helical test sections of various tube 
diameters, lengths and coil to tube diameter ratios (D/d) have 
been studied at saturated and sub cooled inlet conditions 
as mentioned in Table 1.1. The variables associated with 
this test series are, therefore, the diameter, length, D/d 
ratio, the temperature and pressure at the inlet and the 
refrigerant mass-flow rate . The effect of helix angle 
has not been studied. It has, however, been assumed that 
its effect is negligible in comparison to other parameters. 

All the data collected on helical test sections 
are analysed and plotted. Since, the trend of the curves 
is found similar to those of the straight section, only 
a few representative curves are presented for discussion. 

Figure 4.8, shows the variation of pressure and 
temperature with the length of the capillary tube for 
various refrigerant inlet conditions and two sizes of the 
helical specimens. Mass flow rate corresponding to each 
test run is also shown in the figure. The following 
observations are made : 

(i) metastability is found to occur for subcooled 

refrigerant flow through the capillary as obser- 
ved in the case of the straight section. The 
metastable length is also seen to decrease with 
increased sub cooling. 
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(ii) the exit pressure and the How rate increase as the 
inlet temperature decreases from the saturated to the 
suhcooled condition . 

It is also observed that the greater the degree 
of subcooling, the lower the rise in the exit pressure. 

The reasons for the above findings are the same 
as already explained for the straigit section. 

Figures .9 Ca) through (d) demonstrate the 
pres sure -temperature variation with the capillary length 
for various saturated refrigerant inlet conditions. As 
for the straight section, the pressure and temperature 
follow the saturation relationship. Also, the exit pre- 
ssure and the flow rate decrease non-linearly with 
capillary length for the same initial temperature-pressure 
conditions. It is further observed that: 

(i) the exit pressure and the flow rate decrease appre- 
ciably with decrease of the capillary diameter, for 
the same inlet conditions, length and D/d ratio, as 
can be seen fro© figures 4,9 (b) and 4 .9 (c), 

(ii) compared with the straight section, the exit 
pressure and the flow rate in the helical case, 
are relatively smaller in values , for identical ' 
inlet conditions and capillary tube sizes. This 
is because of the secondary flows developed in 
the helical section due to its curvature. The 
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secondary flows tend, to increase the resistance to 
the flow, thereby, resulting in higher pressure 
drops, and reduced flow rates and exit pressures . 

(iii) the exit pressure and the flow rate also decrease 
gradually with a decrease in D/d ratio, as obvious 
from figures 4,9 (a), 4,9 (b) and 4.9 (c), 4*9 (d) , 
As D/d ratio decreases, the curvature effect in- 
creases which further enhances the resistance to the 
flow; thereby, resulting in further decrease in the 
exit pressure and the flow rate. 

In figures 4.10 (a) and (b), the refrigerant 
mass flow rate is plotted against the capillary length for 
different inlet conditions, capillary tube diameters and 
D/d ratios. As for the straight section, the flow rate 
decreases with increasing capillary length. 

Figures 4.11 (a) and (b) present the variation 
of overall pressure-drop with the capillary length, for 
different inlet conditions, diameters and D/d ratios. The 
overall pressure-drop is seen to increase with the capi- 
llary tube length, because of the increased resistance to 
flow. Comparing the above figures with the corresponding 
figure for the straight section (Fig, 4,4), it is noticed 
that the overall pressure-drop is relatively higher for 
the helical configurations, due to the secondary flow 
effects introduced by the curvature. 
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Figures 4- .10 and .11 present data in the form of 
charts which can be conveniently used to determine the heli- 
cal capillary tube size for known overall pressure drop and 
refrigerant inlet conditions in the design of a cooling unit. 
This is discussed in detail, in Appendix - D, where it can 
be seen that for identical capillary tube diameters and 
lengths, the tonnage, coefficient of performance and the 
power input turn out to be less in the case of helical 
configuration as compared to the straight section by 
approximately 17$, 6,5% and 11 ,5%j respectively. If, on the 
other hand, comparison between the helical and straight 
sections is based on identical operating pressure limits 
and tube diameters for a D/d ratio of 15 for the helical 
configuration, it is found that about 28% saving in capi- 
llary length and 2% increase in the tonnage is achieved. 

The above results clearly reveal that a capillary 
tube expansion device should not be used in the helical 
form without appropriate design considerations as, is the 
normal practice with the manufacturers of refrigerating 
devices. It has been shown above that such a practice 
results in the reduction of the coefficient of performance 
of the device. On the other hand, if the system using a 
helical capillary expansion device is properly designed, 
it can save a considerable length of the capillary tube 
and simultaneously increase the COP of the system. 
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The local values of the two phase friction 
factor, fgrp and the two phase Reynold’s number Re^p have 
also been determined for the helical case and are presented, 
in Jig, 4.12. As expected, the local values of f^p are 
relatively higher for helical configuration than for the 
straight, at a particular Reynold’s number. It is further 
observed that these local values are more scattered than 
for the straight section. This is thought to be the effect 
of the secondary flows generated by the curvature of the 
helical section, superimposed on the random character of 
the two-phase flow phenomenon. 

In Chapter III an expression of the fore (3.29) 
has been assumed to develop a correlation for the two-phase 
flow friction factor. Using the present data for the 
helical configuration and employing the regression technique, 
the constants A* , B’ AC* are evaluated to give 

O.1938 O.5391 

*TP = 1-1258 /(Re Tp (D/d) ). (4.2) 

Mori and Nakayama have also developed a single 
phase friction factor relation (3-2?) in terms of single 
phase Reynolds number. The same has been modified in the 
present study by replacing the single phase Reynolds 
number by the two phase Reynolds number Re Tp and changing 
the constants 0.3 and 0.112 so as to furnish results 
conforming to the present data. The modified relation 





( 4 . 3 ) 


for f^p, thus becomes : 

0 ^ 2 . 0 

fyp = (0.3142 (d/D) * / <Rc tp (d/D) ) ) * 

2 0.2 

(1.0 + 0.1158 /( Re Tp (d/D) ) ) 

The expressions (4.2) and (4.3), for the two-phase friction 
factor, are substituted in the general equation (3.16) for 
(dp/dl) to yield two sets of theoretical results for pre- 
ssure variation with the capillary length. Both are plotted 
and compared with the experimental data for two different 
sizes of helical sections. The agreement, as seen from 
Fig. (4.13), is good. It is noticed that the expression 
(4.3) for fyp, obtained by modifying Mori & Wakayama's 
expression (3.27) yields results which are more or less 
identical with those obtained by the simpler expression 
(4.2) developed in this study. Hence, the use of expre- 
ssion (4.2) for the estimation of helical section two -phase 
friction factor is recommended. 

4.3 Spiral Section 

Eight spiral test sections of different 
capillary sizes were tested at varying inlet conditions 
as given in Table 1.1. The parameters that are varied 
during these tests are the same as for the straight test 
sections. Pitch and minimum radius are kept constant 
while the outer radius which is dependent on the capillary 
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length is changed. AH the test data gathered on the spiral 
sections are analysed and plotted in the same manner as 
for the straight and the helical configurations . Only the 
few representative plots are presented here for discussion. 

Figures 4.14, 4.15(a) and (b), 4.16 and 4.17 

for the spiral sections exhibit trends similar to those of 
figures 4.1, 4.2 (a) and (b), 4.3 and 4.4 for the straight 
and figures 4,8, 4.9 (a) and (b), 4.10 & 4,-ji for the 
helical sections, respectively. The interpretation of these 
plots is the same as for the straight and the helical sec- 
tions discussed previously. However, one noticeable excep- 
tion to the above similarities between the curves, is as 
follows : 

The exit pressures for the spiral sections are 
lower than those for the helical sections, thereby, causing 
higher pressure drops, while the flow rates for the spiral 
sections are higher than those for helical sections. This 
is caused by the fact that the curvature for the spiral 
section gradually decreases radially outwards. Since, the 
refrigerant flows from the periphery to the centre, it 
gets accelerated at each point along the spiral upto the 
exit point. This predominant accelerating behaviour in 
the spiral sections enhances the flow through the capi- 
llary and results in higher pressure drops . 
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Figures 4-. 16 and 4,17 present design data on 
spiral sections in the. form of charts which can be conve- 
niently used to predict the performance of spiral capillary 
expansion device. Hie method of using these charts is 
explained in Appendix - D through an example. The example 
demonstrates the merits of using a spiral cap ill ary tube 
over straight and helical configurations. Hie design of 
capillary expansion tube in Archimedian spiral shape offers 
a saving in capillary length of about 58$ as compared to the 
straight configuration and increase in the tonnage of 
approximately 4-8$. 


The local values of the two -phase flow friction 
factor, fjp, and the two-phase flow Reynold 1 s number, Re Tp , 
have also been determined for the spiral case and are 
shown plotted in Tig* 4-. 18. The intensity of scattering 
in the data in this case is found to be less than that 
for the helical case. This is thought to be due to the 
predominant accelerating flow situation encountered in the 
spiral configuration. Hie correlation for the two-phase 
friction factor for the spiral configuration is represented 
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The above expression (4.4-) is substituted in 
the Eq. (3*17) for (dp/dl ) to determine the variation of 
pressure along the spiral shaped capillary length* The 
theoretical results, thus obtained, are plotted in Fig. 

4.19 and compared vdth the data gathered from experi- 
ments on spiral sections of two different sizes. The 
agreement is satisfactory as shown by the figure. 



CHAPTER V 


CONCLUSIONS 


The present work comprises both the experimental 
and the theoretical study of adiabatic, two -phase flow of 
R-12 through capillary tubes of straight, helical and 
Archimedian spiral configurations. Test specimens of diffe- 
rent sizes, eight for the straight, fifteen for the helical 
and eight for the spiral shape, have been tested under 
various inlet conditions , as specified in Table 1 .1 
(Chapter I). The results, thus obtained, are analysed and 
discussed in Chapter IV. The following conclusions are 
drawn : 

(i) For subcooled liquid inlet conditions to the 
capillary, the phenomenon of metastability is 
seen to occur invariably in all the configura- 
tions tested. 

(ii) The exit pressure and the flow rate increase and 
the pressure drop decreases as the inlet tempe- 
rature changes from saturated to subcocled 
conditions, for a particular sized specimen (i.e., 
fixed diameter and length) and a given inlet 
pressure* Further, it is noticed that the higher 
the degree of subcooling, the lower is the rise 
in the exit pressure. 
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(iii) For the same refrigerant inlet pressure and tempe- 
rature conditions and for a particular diameter 
capillary tube, the exit pressure and the flow rate 
decrease, while the overall pressure drop increases 
with increased capillary length. 

(iv) Under identical inlet conditions and for the same 
capillary length, the refrigerant flow rate is 
reduced appreciably, while the pressure drop 
increases for the case of the smaller diameter 
capillary. 

(v) For a particular sized capillary, the overall 
pres sure drop and the flow rate decrease with 
decreasing inlet pressures. 

(vi) The overall pressure drop is seen to be the highest 
for the spiral configuration and higher for the 
helical compared to the straight configuration. 
However, the mass flow rate is higher for the spiral 
as compared to the helical and the highest for -the 
straight sections, 

<vii) Charts have been presented for each configuration 
which can be used conveniently for design applica- 
tions. An example demonstrating the use of the 
charts has been included in Appendix - D. It is 
emphasized that capillary tube should not be 
shaped into either the helical or the spiral form 
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just for the sake of convenience to accommodate the 
long capillary lengths. They should, on the con- 
trary } be suitably designed according to the given 
data. These precautions ensure an economic and a 
sound design of a refrigerating system. As shew* 
in Appendix - D, considerable saving in capillary - 
length is effected by using the spiral configuration 
• as compared to the helical and the straight. It is, 
therefore, concluded that capillary tubes In the 
spiral form are most suitable and economical for 
systems employing capillary tube expansion devices. 

The theoretical investigation carried out in the 

present work is summarized as follows : 

(i) A theoretical equation based on the "homogeneous 
model" for the two phase flow has been developed 
to determine the capillary length for a given pre- 
ssure drop, for each configuration. The equation 

is valid for the flow of B-12 within the temperature 
range - 35 °C to 50 °C. 

(ii) Two-phase flow friction factor correlation has been 
obtained, separately, for each configuration using 
the present experimental data. 

(iii) The results obtained by using the theoretical 
equation and the two-phase friction factor, 
appropriate to different configurations 9 show good 
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agreement with the corresponding experimental 
results . 

The theoretical equations developed in this 
study for various capillar}' configurations and the corre- 
lations for the two-phase flow friction factors, seen to 
predict the experimental data reasonably, accurately and, 
hence, their use is recommended for the capillaiy restrictor 
design for the flow of refrigerant - 12 in the temperature 
range of - 35 °C to 5 0 °C. 

SCOPE FOR FURTHER WORK 

1 . The present experimental investigation needs to he 
extended further to cover a greater range of capillary 
sizes and inlet conditions, appropriate to expansion 
devices of practical interest* 

2. Combinations of different configurations may be studied, 
viz* straight with helical and spiral. 

3* Experiments nay be carried out for real non-adiaDatic 
situations • 

If. The validity of the present theoretical 
he tested with the new experimental data. 

, ^ -nr 
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APPENDIX - A 


CALIBRATION OF INSTRUMENTS USED 

(i) Flowmeter 

Accurately measured volumes of double distilled 
water are poured into one of the flowmeter limbs and the 
gauge glass is graduated accordingly. The process is con- 
tinued till it completely fills the flowmeter limb. Same 
procedure is repeated for the graduation of the second 
flowmeter limb. The graduations are marked in litres. 

Each limb of the flowmeter is found to have a capacity of 
4.75 litres . 

(ii) Pressure Gauges 

The pressure gauges are calibrated using an 
Amthor dead weight tester and weights, standardised by the 
National Bureau of Standards, U.S.A. The gauges are found 
to be accurately calibrated as no difference in the read- 
ings of the gauge and the applied loads could be discerned. 

(iii) Thermocouple 

Copper-constant an thermocouples of 24 gauge 
have been calibrated by the comparison technique, against 
a Leeds and Northrup platiniura resistance thermometer. 

The resistance - temperature relationship is provided with 
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the above thermometer for 0.005? °C temperature intervals 
in the range 0 - 300 °C. The resistance thermometer also 
uses a Leeds and Nortlirup Mueller* s E ridge to measure the 
resistances. The e.m.f. generated in the thermocouple 
circuit is measured using a Leeds and ilorthrup millivolt 
potentiometer with the least count, 0.005? mv. 

The calibration is carried out in an apparatus 
containing constant temperature vapour obtained by boiling 
a pure liquid, Bromobenzene, at a constant pressure under 
an inert atmosphere of Ng. By maintaining different 
pressures of Ng, vapours of Eromobenzene at various cons- 
tant temperatures are obtained in the apparatus. Both the 
platinium- resistance thermometer and the thermocouples 
(fair at a time) are inserted in their respective wells 
containing Silicon oil. The cold Junction of the thermo- 
couples is held in an ice bath. The calibration curve is 
given in Fig. A-1. 

( iv) Calorimeter 

The Calorimeter has been calibrated, as per 
Indian Standards Institute Specifications (20), as 
follows : The calorimeter is filled with R-12 upto the 
operating level and is then heavily insulated. The 
outlet and the inlet valves of the calorimeter are closed. 
The heater rods in the calorimeter are energized to main- 
tain the refrigerant temperature at approximately 14 °C 
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above the ambient . Steady-state is considered to have 
"been attained -when there is only 0.4 °G variation in the 
temperature in one hour# The electrical energy input is 
maintained constant to within 1 Jo. The heat leakage 
factor (HLF) is given by : 

HLF = Q. / (t^ - t a ) s kcal / min °C 
where, 

q, - heat equivalent of the electrical energy input, 

♦ 

kcal / min. 

t^ = liquid refrigerant temperature, °C. 

t = ambient temperature, °C. 

St 

The HLF computed from the above relation comes out to be 
0.4-5 fecal / min. 

(v) Single-phase Energy-meter 

The single-phase energy-meter is calibrated under 
a load with power factor nearly unity. The power factor is 
raised to near unity by inserting a capacitor of the 
required range in the circuit. An accurate voltmeter and 
an ammeter are employed to measure voltage and current 
respectively. The load is varied to get several readings. 
THp» calibration curve for the sane is exhibited in 
Fig. A-2. 




(vi) Three-phase Energy-meter 


The three-phase energy-meter is also calibrated 
under a load, with power factor nearly unity. As before, 
a voltmeter and an ammeter are used. to indicate the 
voltage and the current readings respectively. The meter 
is tested s imil arly under a series of loads. The calibra- 
tion curve is shown in Pig* A-3* 



APPENDIX - B 


DEIERIIENATI Oil OF THE DIAMETFR 
OF THE CAPILLARY TUBE 


The Capillary tube bore is cleaned, first by 
tap water and then by double distilled water. The tube 
is, next, dried by passing hot air through it. The tube 
after drying is weighed in a chemical balance manufac- 
tured by the Scientific Products, U.S.A., with a least 
count of 0.1 gm. The length of the tube is measured by 
means of an accurate meter scale. The tube is then filled 
with double distilled water. Care is taken to remove all, 
air bubbles free the tube. With water inside the capi- 
llary, both the ends of the tube are pressed and sealed. 
The weight of the tube with water inside is taken. The 
difference between the above two observations corresponds 
to the weight of the water required to fill the capillary 
tube. Next, the temperature of the water is measured and 
its density obtained from steam tables (16). Volume of 
the tube is given by, v = w /p . The diameter is found 
using the relation, 

0 .? 

d a ( hr / tl ) , 
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where, 

w = weight of water, kg 
p = density cf water, kg/rr^ 
v = volume of tube, m^/kg 
1 = length of tube, m 

d = diameter of tube, m. 

D iame ters of the two different sized tubes used 
in this investigation are thus found to be 0,001061f08 m 
and 0.0017657 m. These values are the average of three 
independent sets of readings taken for each size of the 
capillary tubing. 



APPENDIX - C 


ERROR ANALYSIS A HD ESTIMATION 

No measurement is ever free from error. Neither 
the value of the quantity being measured nor the error 
associated with the measurement can be determined exactly. 
Nevertheless, an error analysis must accompany an experi- 
ment so as to give an idea of the reliability of the 
results obtained and also to point out avenues for the 
improvement of the accuracy of the data. The errors esti- 
mated in this appendix are the extremum values and the 
actual errors lie in between the extrema. 

( i) Length 

The length of the test section is measured using 
an accurate meter scale graduated in mm. The random error 
in this measurement lies in the range, 

+ ( * 100 * 2 ) = ± 0.16 % . 

1200 

(ii) Diameter 

The procedure adopted for determining the dia- 
meter of a capillary bore has already been presented in 
Appendix - B. 

Errors involved in taking the weight of the 
capillary using a balance of 0.1 gn accuracy is 
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± ( * 100 ) = + 0 . 5 $ . 

The temperature of distilled water is measured 
tfrith the help of a mercury- in-glass thermometer graduated 
in 0.1 °F» The error introduced during tlds measurement 
is ± ( * 1°0 ) = + 0.1 5$ * This variation of tempe- 

rature has negligible effect on the density of water. 
Assuming that there is no error in the values of density 
presented in the steam tables (16), the error involved in 
determining the diameter of the capillary tube is of the 
order, 


I s = 0.5 < + -f'- ± ± ^ ) 

= 0.5 ( + 0.15# ± 0$ + 0.16$ ) 

= + 0.165b. 


(iii) Helical Section 

(a) Diameter of Curvature: The error involved in 
making the pattern on a lathe machine of accuracy 0.1 mm 
is ( ± * 100 ) = + 1 .0$. The external diameter of the 

tube is measured using a micrometer with a least count of 
0.01 mm. This involves an error of ( + * 100 ) 

= ± 0 . 33 ^. 

Thus the ma-rimi^n error introduced in the mea- 
surement of curvature would be of the order (+ 1 .0$ 

± 0.33$) = ± 1-33$. 



Cb) Pitch of the Helix : The pitch is measured using 
a vernier with a least count of 0.05 no* Thus, the maximum 
error possible is ( + * IOC ) = + 1 . 25 %- 

(c) Helix Angle: This is given by 

o p 0.5 

e = p / ( ( nD)^ + ) * p / nD 

Therefore, the error can be 

- g = ± -f 3 * ^ = ± 1.25 % + 1.33 $ 

= ± 2.58 %. 

( iv) Spiral Section 

(a) Pitch of the Spiral : Since the groove for the 
Archimedian spiral has been cut on a lathe machine having 
an accuracy of 0.1 mm, the maximum error introduced in the 
pitch would be ( + ^ * 100 ) = ± 2 %. 

(b) Radius of Curvature : The minimum radius of the 

spiral is set on a lathe machine, giving an error of 

( * * 100 ) - ± 2 % and the maximum radius is measured 

with the help of a vernier with a least count of 0.05 mm. 
The ma rimm error thus expected turns out to be, 

( ± * 100 ) = + 0.11 %. 

(v) Pressure -Measurement 

While discussing the calibration of pressure 
gauges, it has already been pointed out that there is 
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no systematic error associated with these gauges. Hie high 
pressure gauge having a least count of 0.5 psi, can intro- 
duce an error of (+ * 100) = + 0.25#. Hie low pressure 

gauge has a least count of 0.1 psi. Only a few readings 
below 10 psi have been recorded using this gauge. The 
errors involved in pressure measurements are as follows : 


Ho. of readings 

| % error 

14 

1 to 2# 

119 

0.4 to 1# 

2686 

< 0.4# 


The error associated with the height of Hg, in 
the barometer is + ( * 100 ) = + 0.0068#, which is 

quite negligible . 

(vi) Temperature Measurement 

The thermocouples have been calibrated, against 
platinum resistance thermometer, to 0.005 °C accuracy. 

The same millivolt potentiometer, least count 0.005 mv, 
has been used for both the calibration and the measurement 
purposes. The maximum error involved is estimated to be 
+ ( * 100 ) a ± 0,25%* 

(via) Measurement of Slow Rate 

Assuming a negligible error in recording the 
time of fall of refrigerant using a stop watch, the error 



associated with the measurement of volume flow is 
+ ( * 100 ) = + 0.4C$. As mentioned before, the 

error expected in the measurement of temperature is 
+ 0.25$. This error has a negligible effect on the density 
of a liquid refrigerant as obtained from the refrigerant 
table (13). However, the values of density reported in 
this table are accurate to within + 0.15$. Therefore, the 
minimum error involved in computing the mss flow rate of 
a refrigerant is (+ O.k-% ± 0.15$) - + 0.55$* 

(viii) Quality 

The expression of V/hitesel (10) has been used to 
estimate quality, locally. This expression gives results 
within an accuracy of + 1.0$ (18). 

(ix) Specific Volume 

The values of v , v t and p for R-12 reported by 
the General Chemical Division (13) have an accuracy of 
+ 0.2$, + 0.15$ and + 0.2$, respectively. Taking account 
of the error involved in the above reported data and the 
curve-fit errors, the effective errors involved in v g 
and Vj. as evaluated frcm Eqs. (3 .9) and (3*10) are 

v = (+ 0.2$ + 1 .5521$ + 0.2$) = + 1 -9521$ 

§ 

and v* = (± 0.15$ + 0.2797$ ± 0.2$) = ± 0.6297$ 

Considering the error involved in the estimation 
of quality, x, the overall error introduced in v 
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according to Eq_. (3.11) is 

(± 1*9521# + 1.0/S) = + 2-9521#, 

Cx) Viscosity 

The values of viscosities, and „ and the 
pressure, p for R-12, reported by the General Chemical 
Division (13) have accuracies of + G.3#, + 0 . 5# and 
± 0.2*, respectively . Ifc c curve fit expressions of 
^ s " ( 3 .20) and (3.21) have errors of + 0.406t/S and 
i 0.8556^ respectively. Therefore, the naxteur. effective 
errors involved in * and « are : 

x s 

Pi = ( + 0,3# + 0.2# + 0.4064#) = + 0.9064# 

and v g = ( ± 0.5% ± 0.2% ± 0.85%%) = ± 1.5556#. 

Estimated through Eq. (3.24), the maximum error in the 
two-phase flow viscosity comes out to be 

( ± 1 m0% + 1 . 5556 #) = + 2 . 5556 #. 

(xi) Reynolds Dumber: 


&G 

G 


The error in mass velocity, G, is given by, 

= -AS + p * * 
m 


= ± 0 . 55 # ± 2 * 0 . 16 # 


= i 0.8?#. 


4* 



Therefore, error in Be 


TP > 


is 




Re, 


TP 


+ -Q- 


# + ii . Au tp 


Vtp 


TP 


= + 0 , 87 % + o»16# + 2.55p6/^ 

= ± 

(3li) Pressure Drop 

maxis,™ error expected pressure drop 
(tip / dl), is computed as, 


CM 1 = + + 


jP 
“ P 


ti 

1 


dp / dl 

= - 0,if # ± 0 . 16 % = + 0.56^. 

(xiii) friction Factor 

* 0r sl ^i=l‘y, the friction factor error is 
estaaiated using the expression for single phase friction 
factor, 

f = ( dp / dl ) (2 dg c / G 2 v ) 
instead of expressions (3,25) and ( 3 . 28 ). 

Therefore, the maximum error involved in Tricti 

factor is j 

-M. ~ j. *(&d / dl } a a 

* ± dp/ffl. -'i IT i ! fl -*? 

= ± °-5B* + 0.162 + 2 x O.87?! + 2.9521^ 

® i 5^121%. 



APPENDIX - D 


APPLICATION OF DATA TO THE 
DESIGN OF A REFRIGERATION SYS TEL 


To demonstrate the effect of capillary tube 
configuration and length on the design and performance of 
a refrigeration system with the help of data presented in 
this thesis, the following example has been chosen: 

Consider a refrigeration system operating between 
the temperature limits of 41 °C and 0 °C, representing the 
condenser and evaporator temperatures, respectively. Assume 
that the refrigerant enters the capillary tube and the 
compressor in subcooled and superhe ated conditions of 5 °C 
and 15 °C, respectively, and that the efficiency of the 
compressor is ? 0 %, 

Solution Using Straight Section Data 

The following thermodynamic properties of R-12 
have been used, as imported in (25)* 


• *. . u ° 


| , kealAgjS h g ,kcal/kg | 

i j' Q sub- 5 1 5° super- 0 
$ cooling $ heat I 


kg f /cur abs jj 


3.145 

lO.OMf 


0.0 

41.0 


47.4575 0.1756 


17.2160 




Therefore, the overall pressure drop from condenser to 
evaporator = 10.044 - 3.145 = 6.899 kgf/cm 2 . Selecting 
a capillary tube of diameter 0.0017657 n and using Pigs. 
**.3 and 4.4, the mass flow rate of the refrigerant and 
the length of the capillary tube are obtained as 31 *5 
kg/hr and 3-36 m, respectively. The enthalpy and entropy 
at the inlet to the compressor as found from the super- 
heated tables for R-12 (25) are 47.4575 kcal/kg and 
0.1756 kcal/kg °K, respectively. The enthalpy at the end 
of the isentropic compression is again obtained from the 
superheated tables for R-12 as 53-13 kcal/kg. Using these 
values, the tonnage, coefficient of performance and the 
power input to the system are evaluated as follows : 

Tonnage = 31-5 (47.457 - 17-216) / 3000 
= 0.3175 ton 

COP - 0.7 (47.457 - 17-216) / (53-13 - 4? .457) 

= 3-7259 

Power 

Input = 31-5 ( 53-13 - 47-457) 1000 / (0.7 * 860) 

* 

= 296.84 W 

Solution Using Helical Section Data : 

(a) Assuming the capillary tube length and diameter 
the same as for the straight section, considered 
above, the values of the tonnage, COP and power 
input will be determined for the helical coil of 



d ratio i c tt_ . 

- «- p Z^ Kl ° ““ *■”* ^ -to 

*•* w, j j;;c:°^r: 40 be *•* ^ - 

7 ssurc *° be — « ^ 

ata ’ the evaporator nressur 1 * e ‘ 10 .°44 

= 2.8* ata a : 00,,EE ° Ut t0 b9 «°-0* - 7.150) 

ata * «ie enthalov ar>d 

Inlet are" 1*7.31+3, w. , ’ 57 at the “^Pressor 

-, 32 teil/ke 32111 0 - 176 U kcal/ke °- 

^ at the end of the iseitro-de reSpe ° Wve1 ?- 

to be &3814 fceal/kg. Thus, ‘ “ npreSSion * found 


Tonnage 


COP 


Power 

Input 


28-2 ft? . 34-32 - 17 . 216 )/ 3Q00 
= 0 - 2631 - ton 

0.7 (4-7 .31+32 - 17 .216) / ( ?3 ,0 , 

= 3.1+926 <53.3811+ . 1+7.31+32) 


= 26.2 C 53 . 38 11+ . 1+7.31+3) ion, / +0 
= 262.79 w ' C0 " 7 * 8605 

Comparing the above results ** +. , „ 

straight section. of the sane +»• obtained for the 

tne sane diameter and le-n+u .. 
observed that the tonnage, cop md ‘ ’ ^ ±S 

for the helical o . 501,6 r input decrease 

tirely. . 3 "’ 6 - 26 * *** HATJf res pe c - 

-1 

hOWeWr ’ «» -mgeration svsten ls desl , 
for the sane capiUarv ' a esagned 

P Uaiy diameter and pressure Unit, 
as those for the straight section (i. e 10 J 

3-145 ata), with D/d ratio aB ■ ‘ “ 4 

U ° again assumed to be equal 



to 15, the capillary tube length in the helical form will 
have to be determined. From Figs. 4.1 J an-’ 4.11, lor the 
above mentioned conditions, the length of the capillary 

tube and the flow rate are found to ho 2.4 / end 32.2 

* 

kg/hr, respectively. The enthalpy at che inlet and the 
outlet of the compressor, assuming isentropic compression, 
are the same as for the straight section (i.e. 47.457 and 
53-13 keal/kg). Hence, 

Tonnage = 32.2 (47.457 - 17-216) / 3000 

= 0.3246 ton 

GOP = 0.7 (47.457 - 17-216) / (53.13 - 47.457) 

= 3.7259 


Power 

Input 


32.2 ( 53.13 - 47.457) 1000 / (0.7 * 860) 
303.436 W 


Comparing these values again with those of the 
straight section, it is seen that the length of the 
capillary in the helical form decreases by 28.6$, tonnage 
and power input increase by 2.23$ while COP remains 
unaffected. This demonstrates the obvious advantage of 
using a helical configuration for the capillary expansion 
device as compared to the straight one. 



Solution Using Spiral Seetlon Data ; 

Ca) Consider now the capillary tube in tlie spiral. forn 

having the sane length and diameter for- +-■ * 

as ror t .v straight 

on (i.e. 3.35 E md 0.0017657 B ). Lot the pitch 

th6 Elnlmir - rartlus «* the spiral be taken an 
0.005 n. ^n £ H S s.,, 6a n dlf . 17)thenovrateMd 

“ pressure drop are read as 29.2 kg/hr and 7 A 

^ /CB ’ reSpeCtlTC f- *«=*>« the condenser pressure 
b * , 10 '° Mt kgf/ “ ats ‘> suction pressure beoor.es 

V ' " 7,lf) = Z ' m kef/ca2 abs. The enthalpy at 

the inlet and the outlet of the onrmrrct 

0 Tle compressor, assuming 

In en tropic compression, are found to be k6.m and 
53.6533 kcal/kg, respectively. Thus, 


Tonnage = 


COP 


29-2 CW.3W - 17.216) / 3000 
0,28$+ ton 

0.7 (46.848 - 17.215) / (*?3.6533 
3.0480 


46.848) 


Power 

Input = 29.2 (53.6533 - 46.848) 1000 / (0.7 * 860) 

= 330 W 

Comparing these results tn ts +>, __ ^ ~ , , 

with those for the straight 

section of the same diameter id length, the tonnage 

and COP for the spiral section are -seen to decrease 

* 9.16* and 13.1 9 *, respectively, while the power 
input increases by 



(b) On the other hand, the system may be designed using 
spiral capillary tube of diameter 0.0017657 m* . 
operating between the pressure limits of 10.044 and 
3.145 at a, as for the straight section* The flow 
rate of the refrigerant and the length of the capi- 
llary tube are obtained, from Figs. 4.16 and 4.17, 
as 46.5 kg/hr and 1.42 n, respectively. This gives 


Tonnage = 46.5 (47.4 57 - 17.216) / 3000 
= 0 .4687 ton 

GOP = 0.7 (47.457 - 17.216) / (53.13 - 47.457) 
= 3.7259 


Input = 46.5 (53.13 - 47.457) 1000 / ( 0.7 * 860 ) 

= 438.1778 W 

Comparing the results as before with those of the 
straight section, it is found that the capi31ary 
length in the spiral form is reduced by 57 «7 4$, 
tonnage and power input increase by 47.52$ and COP 


remains the sane 



